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ABSTRACT 
Efficient ways to process unanticipated queries 
are a crucial prerequisite for the success of 
generalized database management systems. A wide 
variety of approaches for improving the performance 
of query evaluation algorithms have been proposed: 
logic-based and semantic transformations, fast 
implementations of basic operations, and combina- 
torial or heuristic algorithms for generating and 
choosing among alternative access plans. This 
paper surveys these approaches in the framework 
of a general query evaluation procedure using the 
relational calculus representation of queries. 
The focus is on centralized database systems; some 
relationships to other system types are studied. 
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Database  management sys tems  (DBMS) have become a s t a n d a r d  t o o l  
f o r  s h i e l d i n g  t h e  computer u s e r  from d e t a i l s  o f  secondary  s t o r a g e  
management. This  is  supposed t o  improve t h e  p r o d u c t i v i t y  o f  
a p p l i c a t i o n  programmers and t o  f a c i l i t a t e  a c c e s s  o f  computer-naive 
end u s e r s .  
There have  been two major r e s e a r c h  a r e a s  i n  d a t a b a s e  sys t ems .  
One i s  t h e  a n a l y s i s  o f  d a t a  models i n t o  which t h e  r e a l  world can  b e  
mapped and on which u s e r  i n t e r f a c e s  f o r  d i f f e r e n t  u s e r  t y p e s  c a n  b? 
b u i l t .  Such concep tua l  models i n c l u d e  t h e  h i e r a r c h i c a l ,  t h e  
network,  t h e  r e l a t i o n a l ,  and a number o f  s eman t i c -o r i en t ed  models 
and have been reviewed i n  a l a r g e  number o f  books and su rveys  
I c H A M ~ ~ ! ,  [ T A Y L ~ ~ ' ,  [ T S I C ~ ~ ' ,   KIM^^'. 
A second a r e a  o f  i n t e r e s t  is  safe and e f f i c i e n t  implementa t ion .  
Data have become a c e n t r a l  r e s o u r c e  o f  most o r g a n i z a t i o n s .  Esch 
implementat ion meant f o r  p roduc t ion  u s e  must t a k e  t h i s  i n t o  account  
by g u a r a n t e e i n g  s a f e t y  o f  t h e  d a t a  i n  t h e  c a s e s  o f  c o n c u r r e n t  a c c e s s  
  BERN^^ e ?  , r ecove ry  [ v E R H ~ ~ ' ,  and r e o r g a n i z a t i o n   SOCK^^!. 
On t h e  o t h e r  hand, a main c r i t i c i s m  of  many e a r l y  DBMS's has  
been t h e i r  l a c k  of e f f i c i e n c y  i n  h a n d l i n g  t h e  g e n e r a l  o p e r a t i o n s  
t h e y  o f f e r ,  e s p e c i a l l y  t-he content-based a c c e s s  t o  d a t a  by q u e r i e s .  
Query o p t i m i z a t i o n  t r i e s  t o  s o l v e  t h i s  problem. I n  do ing  s o ,  
--- 
it has  t o  i n t e g r a t e  a l a r g e  number o f  t e c h n i q u e s  and s t r a t e g i e s  
r ang ing  from l o g i c a l  t r a n s f o r m a t i o n s  o f  q u e r i e s  t o  t h e  o p t i m i z a t i o n  
o f  a c c e s s  p a t h s  and t h e  s t o r a g e  o f  d a t a  on t h e  f i l e  system level. 
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T r a d i t i o n a l l y ,  a l l  t h e s e  approaches  use  d i f f e r e n t  l anguages  t o  
d e s c r i b e  t h e i r  s o l u t i o n s .  Th is  is probably  one o f  t h e  r e a s o n s  t h a t  
t h e r e  h a s  n o t  been a comprehensive su rvey  o f  que ry  o p t i m i z a t i o n  
t e c h n i q u e s  s o  far .  
The g o a l  of t h i s  paper  i s  t o  d i s c u s s  query  o p t i m i z a t i o n  
t e c h n i q u e s  i n  t h e  common framework o f  t h e  r e l a t i o n a l  c a l c u l u s  
r e p r e s e n t a t i o n  o f  q u e r i e s .  Th is  h a s  been shown t o  be t e c h n i c a l l y  
e q u i v a l e n t  t o  a r e l a t i o n a l  a l g e b r a  r e p r e s e n t a t i o n  ' c o D D ~ ~ : ,  
' K L U G ~ Z ~ ~ ,  and e x t e n d i b l e  t o  t h e  implementat ion o f  network DBMS 
[ D A Y A ~ ~ ] .  For  t h e  sake  o f  a r e a s o n a b l e  s i z e ,  t h e  paper  c o n c e n t r a t e s  
on que ry  o p t i m i z a t i o n  i n  c e n t r a l i z e d  DBMS. Th i s  means, t h a t  t h e  
f o l l o w i n g  r e l a t e d  a r e a s  w i l l  n o t  b e  t r e a t e d  i n  d e t a i l :  
User o p t i m i z a t i o n :  The o v e r a l l  c o s t  o f  a n  i n f o r m a t i o n  sys tem 
-------- 
is composed of  t h e  DBMS c o s t  and t h e  c o s t s  o f  u s e r  e f f o r t s  t o  
work w i t h  t h e  system. The two a r e a s  i n t e r f a c e  i n  t h e  
f u n c t i o n a l i t y  and u s a b i l i t y  o f  t h e  que ry  language  ' V A S S ~ Z ' ,  
[ J A R K ~ ~ ~ ? ,  e s p e c i a l l y  t h e  response  t i m e  o f  t h e  sys tem.  If one 
assumes g iven  f u n c t i o n a l  c a p a b i l i t i e s  o f  t h e  que ry  l anguage  and 
a response  t ime  min imiza t ion  o b j e c t i v e  o f  t h e  que ry  
o p t i m i z a t i o n  sys tem,  q u e r y  o p t i m i z a t i o n  can  b e  handled as a 
s e p a r a t e l y  t r a c t a b l e  subproblem of u s e r  o p t i m i z a t i o n .  
F i l e  S t r u c t u r e s :  A que ry  o p t i m i z a t i o n  a l g o r i t h m  has  t o  choose  
among a v a r i e t y  o f  e x i s t i n g  a c c e s s  p a t h s  t o  r e s o l v e  a que ry .  
The i n t e r n a l  d e t a i l s  o f  implement ing such  a c c e s s  p a t h s ,  
however, and t h e  d e r i v a t i o n  o f  t h e  r e l a t e d  c o s t  f a c t o r s ,  a r e  
beyond t h e  scope o f  t h i s  pape r .  
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D i s t r i b u t e d  DBMS: The p h y s i c a l  d i s t r i b u t i o n  o f  data  i n  a DBMS 
- -- 
has  been t h e  s u b j e c t  o f  much r e c e n t  r e s e a r c h  i n  concur rency  
c o n t r o l  and query  o p t i m i z a t i o n .  D i s t r i b u t e d  que ry  p r o c e s s i n g  
is  r e l a t e d  t o  c e n t r a l i z e d  p r o c e s s i n g  i n  t h e  s e n s e  t h a t  i t  u s e s  
t h e  t e c h n i q u e s  p r e s e n t e d  he re  f o r  l o c a l  p r e -p roces s ing  b u t  t h e  
s p e c i f i c  communicat ions-re la ted approaches  w i l l  n o t  b e  
d i s c u s s e d  i n  d e t a i l .  
The paper  is  organ ized  as f o l l o w s .  S e c t i o n  1 g i v e s  a g l o b a l  
framework f o r  query  o p t i m i z a t i o n .  A top-down approach  i n t e g r a t e s  
t h e  d i f f e r e n t  l e v e l s  d i s c u s s e d  i n  subsequent  s e c t i o n s .  
S e c t i o n  2 compares f o u r  t e c h n i q u e s  f o r  r e p r e s e n t i n g  q u e r i e s  i n  
t e r z s  of t h e i r  s u i t a b i l i t y  f o r  o p t i m i z a t i o n .  S e c t i o n  3 mos t ly  
r e l i e s  on one o f  t h e s e  t e c h n i q u e s ,  t h e  r e l a t i o n a l  c a l c u l u s ,  f o r  
p r e s e n t i n g  logic-based t r a n s f o r m a t i o n  methods o f  q u e r y  o p t i m i z a t i o n .  
The emerging a r e a  o f  s eman t i c  query  o p t i m i z a t i o n  i s  add re s sed  
b r i e f l y .  
Af te r  be ing  t r ans fo rmed ,  a query  must b e  mapped i n t o  a sequence 
of  o p e r a t i o n s  t h a t  f i n a l l y  r e t u r n  t h e  r eques t ed  r e s u l t .  S e c t i o n  4 
a n a l y z e s  t h e  implementat ion o f  such  o p e r a t i o n s  on a g i v e n  low- leve l  
system of s t o r e d  d a t a  and a c c e s s  p a t h s .  F i n a l l y ,  s e c t i o n  5 p r e s e n t s  
o p t i m i z a t i o n  p rocedure s  ' t o  i n t e g r a t e  t h e s e  o p e r a t i o n s  i n t o  a 
g l o b a l l y  op t imal  a c c e s s  p l a n .  
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1 .  THE QUERY O P T I M I Z A T I O N  PROBLEM 
- -- 
Thi s  s e c t i o n  s t a t e s  t h e  o b j e c t i v e s  o f  que ry  o p t i m i z a t i o n  and 
p r e s e n t s  a g e n e r a l  procedure  i n  o r d e r  t o  s t r u c t u r e  t h e  s o l u t i o n  
p roces s .  
1 . 1  Q u e r i e s  . - 
A q u e r y  i s  a language  e x p r e s s i o n  t h a t  d e s c r i b e s  d a t a  t o  b e  
r e t r i e v e d  from a d a t a b a s e .  I n  t h e  c o n t e x t  o f  que ry  o p t i m i z a t i o n ,  i t  
i s  o f t e n  assumed t h a t  q u e r i e s  a r e  expressed  i n  a con ten t -based  ( a n d  
o f t e n  s e t - o r i e n t e d )  manner which g i v e s  s u f f i c i e n t  c h o i c e  among 
a l t e r n a t i v e  e v a l u a t i o n  procedures .  
Q u e r i e s  a r e  used i n  s e v e r a l  s e t t i n g s .  The most obv ious  
a p p l i c a t i o n  a r e  d i r e c t  r e q u e s t s  by end u s e r s  who need i n f o r m a t i o n  
about  s t r u c t u r e  o r  c o n t e n t  o f  t h e  d a t a b a s e .  If t h e r e  a r e  o n l y  
s t a n d a r d  r e q u e s t s ,  q u e r i e s  can  be  opt imized manua l ly  by programming 
t h e  a s s o c i a t e d  s e a r c h  p rocedure s  and o f f e r i n g  t h e  u s e r  menu 
s e l e c t i o n  o r  similar t e c h n i q u e s .  However, a n  a u t o m a t i c  query  
o p t i m i z a t i o n  system becomes n e c e s s a r y ,  i f  a d  hoc q u e r i e s  a r e  asked 
u s i n g  a g e n e r a l  purpose  query  language .  
A second a p p l i c a t i o n  is t h e  use  o f  q u e r i e s  i n  t r a n s a c t i o n s  
which change t h e  s t o r e d , . d a t a  i n  a way t h a t  is  based  on t h e i r  c u r r e n t  
va lue  ( " g i v e  a l l  p r o f e s s o r s  a 10% s a l a r y  i n c r e a s e 1 ' ) .  
F i n a l l y ,  que ry - l i ke  e x p r e s s i o n s  a r e  used i n t e r n a l l y  i n  a DBMS, 
f o r  exarllple, t o  check i n t e g r i t y  c o n s t r a i n t s .  . . 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 7 
1.2 O p t i m i z a t i o n  O b j e c t i v e s  
---. 
The economic p r i n c i p l e  r e q u i r e s  t h a t  any o p t i m i z a t i o n  e i t h e r  
t r i e s  t o  maximize t h e  ou tpu t  f o r  a g i v e n  amount o f  r e s o u r c e s ,  o r  t o  
minimize t h e  r e s o u r c e  usage f o r  a g i v e n  o u t p u t .  Query o p t i m i z a t i o n  
t r i e s  t o  minimize t h e  response  t ime  f o r  a g i v e n  que ry  language  and 
mix of  q u e r y  t y p e s  ( if known) i n  a g i v e n  sys tem environment.  
I n  o r d e r  t o  a l l o w  f o r  a f a i r  comparison o f  e f f i c i e n c y ,  t h e  
f u n c t i o n a l  c a p a b i l i t i e s  o f  t h e  sys tems  t o  b e  compared must b e  
similar. The requirement  o f  " r e l a t i o n a l  completeness"  coined by 
[ C O D D ~ ~ ~  ( compare s e c t i o n  2 .1 ,  below) has  become a quas i - s t anda rd  . 
There fo re ,  t h e  t e c h n i q u e s  surveyed i n  t h i s  paper  a r e  p r e sen t ed  as 
c o n t r i b u t i o n s  t o  implementing q u e r i e s  i n  a r e l a t i o n a l l y  complete  
language w i t h  minimal e v a l u a t i o n  c o s t  ( i .e . , r e sponse  t i m e )  . 
The t o t a l  c o s t  t o  be minimized is  t h e  sum of  
Communication Cost:  The c o s t  o f  t r a n s m i t t i n g  d a t a  from t h e  
- 
s i t e  where t h e y  a r e  s t o r e d  t o  t h e  s i t e s  where computa t ions  a r e  
performed and r e s u l t s  a r e  p r e s e n t e d .  These c o s t s  a r e  composed 
o f  c o s t s  f o r  t h e  communication l i n e  which a r e  u s u a l l y  r e l a t e d  
t o  t h e  t i m e  t h e  l i n e  i s  open,  and o f  c o s t s  f o r  t h e  d e l a y  i n  
p r o c e s s i n g  caused by t r a n s m i s s i o n .  The l a t t e r  - more i m p o r t a n t  
f o r  query  o p t i m i z a t i o n  - is o f t e n  assumed t o  b e  p r o p o r t i o n a l  t o  
t h e  amount o f  d a t a  t r a n s m i t t e d .  
Secondary S t o r a g e  Access Cost:  The c o s t  o f  [ o r  t ime  f o r )  
p--- ---- - 
l oad ing  d a t a  pages from secondary  s t o r a g e  i n t o  main memory. 
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S t o r a g e  --- Cost: The c o s t  o f  occupying secondary  s t o r a g e  and 
memory b u f f e r s  over  t ime .  S t o r a g e  c o s t s  a r e  r e l e v a n t  o n l y ,  i f  
s t o r a g e  becomes a system b o t t l e n e c k  and is  v a r i a b l e  between 
q u e r i e s .  The l a t t e r  is u s u a l l y  n o t  t r u e .  
Computation Cost:  The c o s t  f o r  ( o r  t ime  o f )  u s i n g  t h e  CPU. 
----- 
The s t r u c t u r e  of query  o p t i m i z a t i o n  a l g o r i t h m s  is s t r o n g l y  
i n f l u e n c e d  by t h e  t r ade -o f f  among t h e s e  c o s t  components. 
I n  long-range d i s t r i b u t e d  DBMS, communication d e l a y  domina tes  
t h e  c o s t s  w h i l e  t h e  o t h e r  f a c t o r s  a r e  o n l y  r e l e v a n t  f o r  l o c a l  sub- 
o p t i m i z a t i o n .  
I n  c e n t r a l i z e d  sys tems ,  t h e  s t r e s s  is  on minimizing t h e  t i m e  
f o r  secondary  s t o r a g e  a c c e s s e s  a l t h o u g h ,  f o r  complex q u e r i e s ,  t h e  
CPU c o s t s  may be q u i t e  h i g h  [ G O T L ~ ~ ' .  
F i n a l l y ,  i n  l o c a l l y  d i s t r i b u t e d  DBMS, a l l  f a c t o r s  have similar 
weigh ts  r e s u l t i n g  i n  v e r y  complex c o s t  f u n c t i o n s  and o p t i m i z a t i o n  
procedures .  
This  paper  focuses  on que ry  o p t i m i z a t i o n  i n  c e n t r a l i z e d  DBMS. 
This can  b e  j u s t i f i e d  as f o l l o w s .  C e n t r a l i z e d  que ry  o p t i m i z a t i o n  
a p p e a r s  as a subproblem i n  d i s t r i b u t e d  sys tems .  I n  a d d i t i o n ,  
c e n t r a l i z e d  query  o p t i m i z a t i o n  is a problem i n  i t s  own r i g h t  i n  many 
l a r g e  main-frame d a t a b a s e s  and ,  more r e c e n t l y ,  i n  p e r s o n a l  
microcomput e r  DBMS. 
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The consequence of c o n c e n t r a t i n g  on c e n t r a l i z e d  query  
o p t i m i z a t i o n  i s  t h a t  communication c o s t s  do n o t  e n t e r  t h e  d e c i s i o n  
because  communication requ i rements  ( w i t h  u s e r s  and s t o r a g e  d e v i c e s )  
a r e  independent  o f  t h e  e v a l u a t i o n  s t r a t e g y .  For t h e  o p t i m i z a t i o n  of 
s i n g l e  q u e r i e s ,  secondary  s t o r a g e  c o s t s  a r e  i r r e l e v a n t  as w e l l ;  
t h e r e f o r e ,  t h e y  w i l l  b e  cons ide red  o n l y  where one d e a l s  w i t h  t h e  
s imu l t aneous  o p t i m i z a t i o n  o f  s e v e r a l  q u e r i e s .  
There remain t h e  c o s t s  o f  secondary  s t o r a g e  a c c e s s e s  ( u s u a l l y  
measured by t h e  number o f  page a c c e s s e s )  and o f  CPU usage  ( o f t e n  
measured by t h e  number o f  comparisons  t o  be  pe r fo rmed) .  A number o f  
common i d e a s  u n d e r l y  most t e c h n i q u e s  t o  reduce  t h e s e  f a c t o r s :  t h e y  
t r y  t o  avo id  double  work, t o  u se  s t a n d a r d i z e d  p a r t s ,  t o  l o o k  ahead 
t o  avo id  unnecessary  o p e r a t i o n s ,  t o  choose e l emen ta ry  o p e r a t i o n s ,  
and t o  sequence them i n  an  op t ima l  way. The f o l l o w i n g  example may 
i n d i c a t e  how t h i s  can  be  ach i eved .  
Consider  a r e l a t i o n a l  d a t a b a s e  wi th  t h e  schema ( k e y  a t t r i b u t e s  
a r e  u n d e r l i n e d )  
employees ( e n r ,  ename, s t a t u s ,  c i t y )  
-
pape r s  ( e n r ,  t i t l e ,  y e a r )  
-
depar tments  (dname - ?  c i t y ,  s t r e e t - a d d r e s s )  
c o u r s e s  ( c n r ,  cname, a b s t r a c t )  
-
l e c t u r e s  ( cnr  , dname e n r  , dayt ime)  
- - - - 9  -
The da t abase  d e s c r i b e s  employees o f f e r i n g  c e r t a i n  l e c t u r e s  t o  
depar tments  of a g e o g r a p h i c a l l y  d i s t r i b u t e d  o r g a n i z a t i o n .  Employees 
a r e  c h a r a c t e r i z e d  by t h e i r  s t a t u s ,  t h e  c i t y  where t h e y  l i v e ,  and t h e  
pape r s  t h e y  have w r i t t e n .  
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Assume t h a t  someone wants t o  know which depar tments  i n  New York 
o f f e r  c o u r s e s  on d a t a b a s e  management. There a r e  many p o s s i b l e  
s t r a t e g i e s  t o  s o l v e  t h i s  que ry  f o u r  o f  which w i l l  be compared, 
below. Assume f i r s t ,  t h a t  a l l  r e l a t i o n s  a r e  p h y s i c a l l y  s o r t e d  by 
a scend ing  key  v a l u e s  and t h a t  no s p e c i a l  a c c e s s  p a t h s  such  as 
indexes  e x i s t .  
S t r a t e g y  - 1 
1 .  Merge c o u r s e s  and l e c t u r e s .  
2. S o r t  t h e  r e s u l t  by dnames. 
3. Merge t h e  r e s u l t  w i t h  depa r tmen t s .  C o n c u r r e n t l y ,  
4. s e l e c t  t h e  combina t ions  w i th  c i t y  = 'New York' and 
cname = ' da tabase  management , and 
5. keep  o n l y  t h e  dname column. 
This  s t r a t e g y  i s  o b v i o u s l y  v e r y  c o s t l y  because  it g e n e r a t e s  an  
i n t e r m e d i a t e  r e s u l t  which i s  rough ly  t h e  p roduc t  o f  t h e  
p a r t i c i p a t i n g  r e l a t i o n s .  T h e r e f o r e ,  one would l i k e  t o  reduce  t h e  
s i z e  o f  t h e  r e l a t i o n s  t o  b e  s o r t e d  and merged. 
S t r a t e g y  - 2 
1 .  S e l e c t  t h e  depar tments  w i t h  c i t y  = 'New Yorkf and 
keep o n l y  t h e  dname column. 
2. S e l e c t  t h e  c o u r s e s  w i t h  cname = ' d a t a b a s e  management' and 
keep on ly  t h e  c n r  column. 
3. Merge t h e  c n r  l i s t  w i t h  t h e  l e c t u r e s  r e l a t i o n  and keep  o n l y  
t h e  dname column. 
4. S o r t  t h e  dname column ga ined  i n  s t e p  3 .  
5. Merge t h e  dname columns o f  s t e p s  1 and 4 .  
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S t r a t e g y  2 reduces  t h e  r e l a t i o n s  t o  be  p rocessed  by s e l e c t i n g  
on ly  t h e  n e c e s s a r y  e lements  and p r o j e c t i n g  on to  t h o s e  collunns t h a t  
a r e  needed f o r  f u r t h e r  p r o c e s s i n g .  However, t h e  p rocedure  can  be  
f u r t h e r  improved by u s i n g  a p i p e l i n i n g  t echn ique  f o r  t h e  q u a s i  
p a r a l l e l  execu t ion  o f  s t e p s  2 and 3 of s t r a t e g y  2. 
S t r a t e g y  3 
1.  Merge c o u r s e s  w i th  l e c t u r e s ,  keep ing  o n l y  t h e  dname f i e l d  o f  
combina t ions  w i th  cname = ' d a t abase  management' , 
2. S o r t  t h e  dname l i s t  g e n e r a t e d .  
3. Merge t h e  l i s t  wi th  t h e  depar tments  r e l a t i o n ,  k e e p i n g  
on ly  dnames w i t h  c i t y  = 'New York l .  
S t e p  1 a v o i d s  t h e  c r e a t i o n  and subsequent  r e a d i n g  of  a n  
i n t e r m e d i a t e  r e s u l t  ( t h e  cn r  l i s t  o f  s t r a t e g y  2 ) .  T h i s  i s  
advantageous  because  t h e  two r e l a t i o n s ,  c o u r s e s  and l e c t u r e s ,  have 
t h e  same s o r t  o r d e r .  Otherwise ,  t h e  r e d u c t i o n  i n  s o r t i n g  c o s t s  
induced by t h e  s e l e c t i o n  and p r o j e c t i o n  i n  s t e p  2 o f  s t r a t e g y  2 
would o f f s e t  t h e  r e l a t i v e l y  small c o s t  o f  t h e  c n r  l i s t .  
Assume now t h a t  two indexes  e x i s t  i n  t h e  d a t a b a s e ,  i . e . ,  f o r  
t h e  c n r  and t h e  dname a t t r i b u t e s  o f  t h e  l e c t u r e s  r e l a t i o n .  An index  
can b e  viewed as a b i n a r y  r e l a t i o n ,  a s s o c i a t i n g  an  a t t r i b u t e  v a l u e  
w i th  r e f e r e n c e s  t o  t h e  co r r e spond ing  r e l a t i o n  e l e m e n t s .  Bowever, 
i ndexes  a r e  implemented i n  a way t h a t  a l l o w s  f o r  fas t  r e t r i e v a l  by 
t h e  va lue  a t t r i b u t e .  Assume f u r t h e r  t h a t  t h e  s o r t  o r d e r  o f  
r e f e r e n c e s  is t h e  same as t h a t  o f  t h e  u n d e r l y i n g  r e l a t i o n s  ( n o t e ,  
t h a t  t h i s  does  n o t  hold  i n  a g e n e r a l  paged env i ronmen t ) .  
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S t r a t e g y  4 
- ---- 
1 .  S e l e c t  t h e  dname f o r  depar tments  w i t h  c i t y  = 'New York' . 
Concur ren t ly ,  f o r  eaoh such  dname, r e t r i e v e  t h e  
co r r e spond ing  index  e lements  ( g i v i n g  r e f e r e n c e s  t o  t h e  
r e l a t i o n ,  l e c t u r e s )  and s t o r e  them i n  a b i n a r y  r e l a t i o n  
( p a r t i a l  dname i n d e x ) .  
2. S o r t  t h e  p a r t i a l  dname index by a scend ing  l e c t u r e s  
r e f e r e n c e .  Note, t h a t  t h e  above assumption i m p l i e s  t h a t  
t h e  r e f e r e n c e s  a r e  a l s o  s o r t e d  by a s c e n d i n g  cn r  and dname. 
3. S e l e c t  t h e  cn r  f o r  c o u r s e s  on ' d a t a b a s e  managementt.  
Concu r r en t ly ,  f o r  each  such  c n r ,  r e t r i e v e  t h e  matching 
l e c t u r e s  r e f e r e n c e s  from t h e  c n r  index  and merge them 
wi th  t h e  p a r t i a l  dname index keep ing  on ly  t h e  dnames. 
4. S o r t  t h e  r e s u l t i n g  dname l i s t  t o  remove d u p l i c a t e s  i f  
unique names a r e  d e s i r e d .  
If r e f e r e n c e  s o r t  o r d e r  does  n o t  f o l l o w  e lement  s o r t  o r d e r ,  a 
p a r t i a l  c n r  index similar t o  t h e  p a r t i a l  dname index  must be 
c o n s t r u c t e d  and s o r t e d  b e f o r e  merging. I n  n e i t h e r  c a s e ,  however,  
a c c e s s  t o  t h e  r e l a t i o n ,  l e c t u r e s ,  i s  r e q u i r e d .  
The e f f e c t  o f  que ry  o p t i m i z a t i o n  can b e  q u i t e  i m p r e s s i v e .  
Assume t h e  fo l l owing  p h y s i c a l  s t o r a g e  d a t a  f o r  t h e  above example. 
There a r e  100 depar tments  5 o f  which a r e  l o c a t e d  i n  Tlew York. 
A p h y s i c a l  b lock  can  t a k e  5 depar tment  r e c o r d s  o r  50 dname v a l u e s .  
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There  a r e  500 cou r se s  20 of which a r e  on d a t a b a s e  management. 
P h y s i c a l  b l o c k  s i z e  i s  10 r e c o r d s  o r  50 cnames. 
I 
There a r e  2000 l e c t u r e s  o f  which 300 p r e s e n t  d a t a b a s e  
management c o u r s e s ,  100 a r e  h e l d  New York depa r tmen t s ,  and 20 ( f rom 
3 depa r tmen t s )  s a t i s f y  bo th  c o n d i t i o n s .  P h y s i c a l  b l o c k  s i z e  is 10  
r e c o r d s  o r  50 r e f e r e n c e s .  
Assume f u r t h e r  t h a t  s o r t i n g  t ime  is N*log(2)N where N i s  t h e  
f i l e  s i z e  i n  b l o c k s ,  and t h a t  t h e r e  i s  a b u f f e r  o f  one b l o c k  f o r  
each  r e l a t i o n .  
Under t h e s e  assumpt ions ,  t h e  c o s t s  o f  t h e  f o u r  s t r a t e g i e s  
( number o f  secondary  s t o r a g e  a c c e s s e s )  a r e  app rox ima te ly  
S t r a t e g y  1 : 31 00 
S t r a t e g y  2: 450 
S t r a t e g y  3: 450 ( a c t u a l l y  2  l e s s  t h a n  s t r a t e g y  2 )  
S t r a t e g y  4: 150 
Thus, a r e d u c t i o n  by a f a c t o r  o f  app rox ima te ly  20 h a s  been  
ach ieved .  For l a r g e r  d a t a b a s e s ,  more complex q u e r i e s ,  and more 
s o p h i s t i c a t e d  t e c h n i q u e s  much h i g h e r  r e d u c t i o n s  a r e  o f t e n  p o s s i b l e .  
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1 . 3  Top-Down -- Aplroach -- t o  Query Opt imiza t ion  - 
Q u e r y  o p t i m i z a t i o n  r e s e a r c h  i n  t h e  l i t e r a t u r e  can  be  d i v i d e d  i n  
two c l a s s e s  which would c o n t r a s t  as b e i n g  bottom-up and top-down. 
f 
On one hand, r e s e a r c h e r s  soon d e t e c t e d  t h a t  t h e  o v e r a l l  que ry  
o p t i m i z a t i o n  problem is v e r y  complex. There fore ,  t h e o r e t i c a l  work 
s t a r t e d  w i t h  s p e c i a l  c a s e s  such  as t h e  op t ima l  implementat ion o f  
impor t an t  o p e r a t i o n s  o r  e v a l u a t i o n  s t r a t e g i e s  f o r  c e r t a i n  
s u b - c l a s s e s  of q u e r i e s .  Subsequent r e s e a r c h  t r i e d  t o  compose l a r g e r  
b u i l d i n g  b l o c k s  from t h e s e  e a r l y  r e s u l t s .  
On t h e  o t h e r  hand, a need f o r  working sys tems  t r i g g e r e d  t h e  
development o f  f u l l - s c a l e  e v a l u a t i o n  p rocedure s   PALE^^^, ' A S T R ~ ~ ' ,  
[ w o N G ~ ~ ' .  They s t r e s s e d  t h e  g e n e r a l i t y  o f  s o l u t i o n s  and handled 
query  o p t i m i z a t i o n  i n  a uniform and h e u r i s t i c  manner. A s  t h i s  o f t e n  
d i d  n o t  a c h i e v e  c o m p e t i t i v e  system e f f i c i e n c y ,  t h e  c u r r e n t  t r e n d  
seems t o  b e  t o  i n c o r p o r a t e  more knowledge about  s p e c i a l  c a s e  
o p t i m i z a t i o n  i n t o  t h e  g e n e r a l  p rocedure s .  A t  t h e  same t i m e ,  t h e  
g e n e r a l  a l g o r i t h m s  themse lves  a r e  augmented by c o m b i n a t o r i a l  
cos t -min imiza t ion  procedures  f o r  choos ing  among s t r a t e g i e s .  
This  paper  fo l l ows  t h e  second approach.  The f o l l o w i n g  g e n e r a l  
e v a l u a t i o n  procedure  s e r v e s  as a framework f o r  t h e  s p e c i f i c  
t e c h n i q u e s  developed i n ,  query  o p t i m i z a t i o n  r e s e a r c h .  
S t e p  1 :  .- Find an i n t e r n a l  que ry  r e p r e s e n t a t i o n  i n t o  which user 
q u e r i e s  can e a s i l y  be mapped and which l e a v e s  t h e  system all 
degrees  of freedom t o  op t imize  t h e  e v a l u a t i o n .  
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S t e p  2: Apply l o g i c a l  t r a n s f o r m a t i o n s  t o  t h e  que ry  
r e p r e s e n t a t i o n  t h a t  ! 1 ) s t a n d a r d i z e  t h e  query  i n  o r d e r  t o  
s i m p l i f y  t h e  n e x t  t r a n s f o r m a t i o n  s t e p s ,  ( 2 )  s i m p l i f y  t h e  que ry  
t o  avo id  double  work, and ( 3 )  a m e l i o r a t e  t h e  que ry  t o  
s t r e a m l i n e  t h e  e v a l u a t i o n  and t o  a l l o w  s p e c i a l  c a s e  p r o c e d u r e s  
t o  be  a p p l i e d .  
S t e p  3: Map t h e  t rans formed query  i n t o  a l t e r n a t i v e  g roups  and 
s e m 7 * n n - n n  , a c , A b ~ ~  ~f e l emen ta ry  o p e r a t i o n s  f o r  which a good 
implementat ion and t h e  a s s o c i a t e d  c o s t s  a r e  known. The r e s u l t  
o f  t h i s  s t e p  i s  a s e t  o f  c a n d i d a t e  " a c c e s s  p l a n s f 1 .  
S t e p  4: Compute t h e  o v e r a l l  c o s t  f o r  each  a c c e s s  p l a n ,  choose  
t h e  cheapes t  one ,  and execu te  i t .  
The f i r s t  two s t e p s  o f  t h i s  p rocedure  are t o  a l a r g e  d e g r e e  
data- independent  and t h u s  can  b e  handled mos t ly  a t  compi le  t i m e .  
The q u a l i t y  o f  t h e  s t e p s  3 and 4 ,  t h a t  i s ,  t h e  r i c h n e s s  o f  t h e  
a c c e s s  p l a n s  gene ra t ed  and t h e  o p t i m a l i t y  o f  t h e  c h o i c e  a l g o r i t h m ,  
h e a v i l y  depend on knowledge about  d a t a  v a l u e s  i n  t h e  d a t a b a s e .  
This  h a s  two consequences .  F i r s t ,  t h e s e  s t e p s  can  o n l y  be  dcne 
a t  run t ime ,  which means t h a t  t h e  p o s s i b l e  g a i n  i n  e f f i c i e n c y  must b e  
t r a d e d  o f f  a g a i n s t  t h e  c o s t  o f  t h e  o p t i m i z a t i o n  i t s e l f .  Second,  a 
meta-database ( e g g . ,  an  augmented d a t a  d i c t i o n a r y )  must m a i n t a i n  
g e n e r a l  i n fo rma t ion  about  t h e  d a t a b a s e  s t r u c t u r e  and s t a t i s t i c a l  
i n fo rma t ion  about t h e  d a t a b a s e  c o n t e n t s .  As i n  many similar 
o p e r a t i o n a l  r e s e a r c h  problems ( e . g . ,  i n v e n t o r y  c o n t r o l ) ,  t h e  c o s t s  
o f  t h i s  a d d i t i o n a l  i n fo rma t ion  sys tem n u s t  be  comparea w i th  t h e  
va lue  o f  i t s  in format ion .  
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2. QUERY REPRESENTATION 
- -- --- 
Q u e r i e s  can b e  r e p r e s e n t e d  i n  a number o f  fo rms .  I n  t h e  
c o n t e x t  o f  que ry  o p t i m i z a t i o n  an  a p p r o p r i a t e  que ry  r e p r e s e n t a t i o n  
form has  t o  f u l f i l l  t h e  f o l l o w i n g  requ i rements :  
- it should  be  powerful  enough t o  e x p r e s s  
a l a r g e  c l a s s  o f  q u e r i e s ;  
- it should  p rov ide  a wel l -def ined base  
f o r  query  t r a n s f o r m a t i o n .  
I n  t h e  f o l l o w i n g ,  we s h a l l  p r e s e n t  f o u r  d i f f e r e n t  que ry  
r e p r e s e n t a t i o n  forms e a c h  o f  which has  been used i n  a number o f  
approaches  t o  query  o p t i m i z a t i o n .  
2.1 The R e l a t i o n a l  C a l c u l u s  
-- + .-
The r e l a t i o n a l  c a l c u l u s  as in t roduced  i n  [ C O D D ~ ~  ', [ ~ O D D ? ~ '  i s  
a n o t a t i o n  f o r  d e f i n i n g  t h e  r e s u l t  o f  a query  t h r o u g h  t h e  
d e s c r i p t i o n  o f  i ts  p r o p e r t i e s .  The r e p r e s e n t a t i o n  o f  a query  i n  
r e l a t i o n a l  c a l c u l u s  c o n s i s t s  o f  two p a r t s ,  i . e . ,  t h e  t a r g e t  l i s t  and 
t h e  s e l e c t i o n  e x p r e s s i o n .  
The s e l e c t i o n  e x p r e s s i o n  s p e c i f i e s  t h e  c o n t e n t s  o f  t h e  r e l a t i o n  
------ -
r e s u l t i n g  from t h e  query  by means o f  a f i r s t - o r d e r  p r e d i c a t e ,  i . e . ,  
a g e n e r a l i z e d  Boolean e x p r e s s i o n  p o s s i b l y  c o n t a i n i n g  e x i s t e n t i a l  
and/or  u n i v e r s a l  q u a n t i f i e r s .  The t a r g e t  l i s t  d e f i n e s  t h e  f r e e  
----- 
v a r i a b l e s  o c c u r r i n g  i n  t h e  p r e d i c a t e ,  and s p e c i f i e s  t h e  s t r u c t u r e  o f  
t h e  r e s u l t i n g  r e l a t i o n .  Example 2.1 demons t r a t e s  t h e  r e l a t i o n a l  
c a l c u l u s  r e p r e s e n t a t i o n  u s i n g  t h e  syn t ax  of t h e  d a t a b a s e  programaing 
language Pascal/R [ S C H M ~ ~  7 .  
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Names o f  p r o f e s s o r s  who publ i shed  some paper  i n  1981. 
f<e.name> OF 
EACH e  I N  employees: e . s t a t u s  = p r o f e s s o r  
AND 
SOME p  I N  p a p e r s  
( e . e n r  = p .enr  AND p .yea r  = 1 9 8 1 ) l  
I n  t h e  t a r g e t  l i s t ,  i . e . ,  i n  t h e  subexpre s s ion  p reced ing  t h e  
co lon ,  t h e  r ange  o f  t h e  ( f r e e )  v a r i a b l e  e  is  r e s t r i c t e d  t o  e l emen t s  
o f  t h e  r e l a t i o n  employees. The r e l a t i o n  employees i s  t h e r e f o r e  
c a l l e d  t h e  r ange  r e l a t i o n  o f  e .  The t e r z  l<e .name>'  i n d i c a t e s  t h a t  
on ly  t h e  names of employees a r e  cons ide red  i n  t h e  r e s u l t .  
The p r e d i c a t e  f o l l o w i n g  t h e  co lon  d e f i n e s  c o n s t r a i n t s  on t h e  
f r e e  v a r i a b l e .  The f i r s t  c o n s t r a i n t  i s  a monadic term r e s t r i c t i n g  
-- 
t h e  f r e e  v a r i a b l e  t o  t h o s e  employees who have t h e  s t a t u s  p r o f e s s o r .  
This c o n s t r a i n t  i s  AND-connected wi th  a dyad ic  t e rm ,  r e l a t i n g  
---- 
employees t o  p a p e r s ,  and a n o t h e r  monadic one,  f u r t h e r  r e s t r i c t i n g  
t h e  r e s u l t  t o  t h o s e  employees who pub l i shed  some paper  i n  1981. The 
comparison o p e r a t o r s  u s u a l l y  a l lowed i n  t e r m s  a r e  =, #, < ,  >, <=, 
and >=. 
A s  opposed t o  t h e  one-sorted p r e d i c a t e  c a l c u l u s ,  t h e  r e l a t i o n a l  
c a l c u l u s  a l l ows  v a r i a b l e s  t o  b e  bound t o  d i f f e r e n t  s o r t s  ( r a n g e  
r e l a t i o n s ,  e . g .  v a r i a b l e  e  i s  bound t o  employees and v a r i a b l e  p i s  
bound t o  p a p e r s ) .  The donsequences o f  t h e  many-sortedness o f  t h e  
r e l a t i o n a l  c a l c u l u s  w i t h  r e s p e c t  t o  query  t r a n s f o r m a t i o n  a r e  
d i s c u s s e d  i n  s e c t i o n  3. 
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I n  a d d i t i o n  t o  t h e  l o g i c a l  o p e r a t o r  AND, t h e  o p e r a t o r s  OR and 
NOT can a l s o  b e  used i n  p r e d i c a t e s .  R e l a t i o n a l  c a l c u l u s  p r e d i c a t e s  
a r e  comple t e ly  def ined  by t h e  f o l l o w i n g  r e c u r s i v e  r u l e s :  
1. A (monadic o r  dyad ic )  term is a p r e d i c a t e .  
2. Le t  A b e  a p r e d i c a t e ,  r e c  a t u p l e  v a r i a b l e ,  and r e 1  
a r e l a t i o n .  Then 
( i )  SOME r e c  I N  r e 1  ( A )  
( i i )  ALL r e c  I N  r e 1  ( A )  
a r e  p r e d i c a t e s .  
3 .  Let  A and B be  p r e d i c a t e s .  Then 
( i )  NOT (A)  ( n e g a t i o n )  
I s : \  A nmn -CJ 
L A  I). I).AIU ( con junc t ion )  
( i i i )  A OR B ( d i s j u n c t i o n )  
a r e  p r e d i c a t e s .  
4. KO o t h e r  fo rmulae  a r e  p r e d i c a t e s .  
I n  f ~ 0 ~ ~ 7 2 :  t h e  r e l a t i o n a l  c a l c u l u s  h a s  been in t roduced  as a 
y a r d s t i c k  o f  e x p r e s s i v e  power. A r e p r e s e n t a t i o n  form is s a i d  t o  be  
r e l a t i o n a l l y  complete  i f  it a l l o w s  t h e  d e f i n i t i o n  o f  any que ry  
- ------ 
r e s u l t  d e f i n a b l e  by a r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n .  
C l e a r l y ,  r e l a t i o n a l  completeness  h a s  t o  b e  cons ide red  as a 
minimum requirement  w i th  r e s p e c t  t o  e x p r e s s i v e  power. An 
o f t e n - c i t e d  example f o r  a c o n c e p t u a l l y  s i m p l e  que ry  which goes  
beyond r e l a t i o n a l  completeness  is " f i n d  t h e  names o f  employees 
r e p o r t i n g  t o  manager Smith a t  any l e v e l " ,  p rov ided  a h i e r a r c h y  o f  
employees i s  modeled i n  a s i n g l e  r e l a t i o n  ( e . g . ,  v i a  a name and  
manager a t t r i b u t e ) .  I n  g e n e r a l ,  t h e  computa t ion  o f  t h e  t r a n s i t i v e  
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c l o s u r e  r e q u i r e s  a c a l c u l u s  o f  h i g h e r  o r d e r  [ P I R O ~ ~ ? .  
Fur thermore ,  q u e r i e s  i n  t oday  a p p l i c a t i o n s  o f t e n  c o n t a i n  
a g g r e g a t i o n s  which cannot  b e  expressed  i n  pure  r e l a t i o n a l  c a l c u l u s .  
However, t h e  e x t e n s i o n  o f  r e l a t i o n a l  c a l c u l u s  by a g g r e g a t e  f u n c t i o n s  
i s  r a t h e r  s t r a i g h t f o r w a r d  [ K L U G ~ ~ ~ ' .  
2 .2  g e b r a  
The r e l a t i o n a l  a l g e b r a  as d e f i n e d  i n  [ C O D D ~ ~ '  i s  a c o l l e c t i o n  
o f  o p e r a t o r s  on r e l a t i o n s .  These o p e r a t o r s  f a l l  i n  two c l a s s e s ,  
i . e . ,  t r a d i t i o n a l  s e t  o p e r a t o r s  such  as C a r t e s i a n  p r o d u c t ,  u n i o n ,  
i n t e r s e c t i o n ,  and d i f f e r e n c e ,  and s p e c i a l  r e l a t i o n a l  a l g e b r a  
o p e r a t o r s  such  as r e s t r i c t i o n ,  p r o j e c t i o n ,  j o i n ,  and d i v i s i o n .  The 
s p e c i a l  o p e r a t o r s  w i l l  be d e f i n e d ,  below, by r e l a t i n g  them t o  
e q u i v a l e n t  r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n s .  
The r e s t r i c t i o n  o p e r a t o r  a p p l i e d  t o  a r e l a t i o n  R c o n s t r u c t s  a 
-- 
h o r i z o n t a l  s u b s e t  o f  i t s  e lements  a c c o r d i n g  t o  a s imp le  p r e d i c a t e .  
~ e s t ( R , p r e d )  = [EACH r I N  R :  p r e d l  
R e s t r i c t i o n  p r e d i c a t e s  a r e  u s u a l l y  monadic t e r m s ,  i n t r a - r e l a t i o n a l  
dyadic  t e rms  ( b o t h  v a r i a b l e s  a r e  bound t o  t h e  same r e l a t i o n ) ,  o r  
c o n j u n c t i o n s  t h e r e o f .  
The p r o j e c t i o n  o p e r a t o r  s e r v e s  f o r  t h e  c o n s t r u c t i o n  o f  a 
-
v e r t i c a l  s u b s e t  of a r e l a t i o n  R by  s e l e c t i n g  a s e t  A o f  s p e c i f i e d  
a t t r i b u t e s  and e l i m i n a t i n g  d u p l i c a t e  t u p l e s  w i t h i n  t h e s e  a t t r i b u t e s .  
Proj (R,A)  = [ < A >  OF EACH r I N  R :  t r u e 1  
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The j o i n  o p e r a t o r  pe rmi t s  two r e l a t i o n s  R and S  t o  b e  combined 
-
i n t o  a s i n g l e  r e l a t i o n  whose a t t r i b u t e s  a r e  t h e  union o f  t h e  
a t t r i b u t e s  o f  t h e  r e l a t i o n s  R and S. 
J o i n ( R ,  A op B, S )  = [EACH r I N  R ,  EACH s I N  S: r . A  o p  s.3' 
The comparison o p e r a t o r s  op a l lowed  i n  j o i n s  a r e  t h e  s a n e  as t h o s e  
i n  dyad ic  t e rms  of t h e  r e l a t i o n a l  c a l c u l u s .  If op  i s  t h e  e q u a l i t y  
o p e r a t o r  ' = ' ,  t h e  " n a t u r a l "  j o i n  omi t s  e i t h e r  A o r  B i n  t h e  r e s u l t .  
The d i v i s i o n  o p e r a t o r  p r o v i d e s  an  a l g e b r a i c  c o u n t e r p a r t  t o  t h e  
u n i v e r s a l  q u a n t i f i e r .  It i s  d e f i n e d  as f o l l o w s :  
Div i (R,  A by B, S) = [ < c o m p l ( ~ ) >  OF EACH r I N  R:  
ALL s I N  S SOM3 t I N  R 
( t . compl (A)  = r .compl(A) AND 
t . A  = s . ~ )  1 
where compl(A) is  t h e  complenent o f  A i n  t h e  a t t r i b u t e  s e t  o f  R .  
The d e f i n i t i o n  i n d i c a t e s ,  t h a t  d i v i s i o n  i s  a r a t h e r  complex 
o p e r a t i o n  which can  make t h e  unde r s t and ing  of  a que ry  a d i f f i c u l t  
job.  
Example 2.2 r e p r e s e n t s  t h e  query  o f  example 2.1 i n  r e l a t i o n a l  
a l g e b r a .  
Example 2.2: 
Names of p r o f e s s o r s  who pub l i shed  some paper  i n  1981. 
P r o j ( R e s t (  J o i n (  employees, 
en r=en r  , 
Rest(  papers ,year=1981 ) )  , 
s t a t u s = p r o f e s s o r )  , 
name) 
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A s  opposed t o  a r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n  which d e s c r i b e s  
t h e  r e l a t i o n  r e s u l t i n g  from t h e  query  by  means o f  i t s  p r o p e r t i e s ,  a 
r e l a t i o n a l  a l g e b r a  e x p r e s s i o n  d e f i n e s  an  a l g o r i t h m  f o r  t h e  
c o n s t r u c t i o n  of t h e  r e s u l t i n g  r e l a t i o n .  T h e r e f o r e ,  a c a l c u l u s  
e x p r e s s i o n  a p p e a r s  t o  be  a b e t t e r  s t a r t i n g  p o i n t  f o r  que ry  
o p t i m i z a t i o n  s i n c e  it  p r o v i d e s  a n  o p t i m i z e r  o n l y  w i t h  t h e  b a s i c  
p r o p e r t i e s  of t h e  query  which might g e t  h idden  i n  a p a r t i c u l a r  
sequence o f  a l g e b r a  o p e r a t o r s .  
With r e s p e c t  t o  r e l a t i o n a l  comple teness ,  however, t h e  
r e l a t i o n a l  a l g e b r a  i s  a t  l e a s t  as powerful  as t h e  r e l a t i o n a l  
c a l c u l u s .  I n  [ C O D D ~ ~ ~  i t  h a s  been shown, t h a t  any r e l a t i o n a l  
c a l c u l u s  e x p r e s s i o n  can b e  t r a n s l a t e d  i n t o  an  e q u i v a l e n t  a l g e b r a  
e x p r e s s i o n .  An analogous  r e s u l t  f o r  a l g e b r a  and c a l c u l u s  
e x p r e s s i o n s  extended by a g g r e g a t e  f u n c t i o n s  h a s  been proven i n  
[ K L u G ~ ~ ~ ] .  
2.3 Query  Graphs -- 
Graphs have been used f o r  t h e  v i s u a l  r e p r e s e n t a t i o n  o f  
s t r u c t u r e d  o b j e c t s  i n  a number o f  a r e a s .  Two well-known e x a q p l e s  
a r e  t h e  use  of syn t ax  t r e e s  i n  compi le r  c o n s t r u c t i o n  and t h e  use  o f  
AND/OR g raphs  i n  a r t i f i c i a l  i n t e l l i g e n c e  a p p l i c a t i o n s .  
I n  t h e  c o n t e x t  o f  query  o p t i m i z a t i o n ,  g r aphs  a r e  used f o r  t h e  
r e p r e s e n t a t i o n  of q u e r i e s  o r  query  e v a l u a t i o n  s t r a t e g i e s .  Two 
c l a s s e s  o f  g raphs  can  b e  d i s t i n g u i s h e d :  o b j e c t  g r a p h s  and o p e r a t o r  
g r aphs .  
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Nodes i n  o b j e c t  g raphs  r e p r e s e n t  o b j e c t s  such  as ( r e l a t i o n )  
v a r i a b l e s  and c o n s t a n t s .  Edges d e s c r i b e  p r e d i c a t e s  t h a t  t h e s e  
o b j e c t s  a r e  t o  f u l f i l l   PALE?^!, [ w o N G ~ ~ ] .  Objec t  g r aphs  c o n t a i n  
t h e  p r o p e r t i e s  o f  t h e  query  r e s u l t  and a r e  t h e r e f o r e  c l o s e l y  r e l a t e d  
t o  t h e  r e l a t i o n a l  c a l c u l u s .  
Opera tor  g r aphs  d e s c r i b e  an  o p e r a t o r - c o n t r o l l e d  d a t a  f l o w  by 
r e p r e s e n t i n g  o p e r a t o r s  as nodes  which a r e  connected by edges  
i n d i c a t i n g  t h e  d i r e c t i o n  of  d a t a  movement. I n  [ s M I T ~ ~ ' ,  f ~ ~ 0 7 9 7  
o p e r a t o r  g r aphs  have been used f o r  t h e  r e p r e s e n t a t i o n  o f  a l g e b r a  
e x p r e s s i o n s .  F i g u r e s  2.1 and 2 . 2  g i v e  one example each  f o r  an  
o b j e c t  g raph  and an o p e r a t o r  g raph .  
Query g raphs  have many a t t r a c t i v e  p r o p e r t i e s .  The v i s u a l  
p r e s e n t a t i o n  of a query  o f t e n  l e a d s  t o  an  e a s i e r  u n d e r s t a n d i n g  of  
i t s  s t r u c t u r a l  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  g r aph  t h e o r y  o f f e r s  a 
/ number o f  r e s u l t s  u s e f u l  f o r  t h e  au toma t i c  a n a l y s i s  o f  g r aphs  { , e . g . ,  
d i s c o v e r y  of c y c l e s ,  t r e e  p r o p e r t y ) .  And f i n a l l y ,  a main advan tage  
o f  query  graphs  i s  t h a t  t h e y  can  b e  e a s i l y  augmented w i t h  a d d i t i o n a l  
in format ion .  The augmentat ion o f  g r aphs  w i t h  d e t a i l s  o f  t h e  
p h y s i c a l  d a t a  o r g a n i z a t i o n  o f  a d a t a b a s e  i s  d i s c u s s e d  i n  s u b s e c t i o n  
5.1. 
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p r o f = e . s t a t u s  !EACH e  I N !  e . enr=p .enr  !SOME p I N /  p.year=1981 
*,---------- f employees I ------------- f papers f ---------* 
F i g u r e  2.1 An o b j e c t  g raph  r e p r e s e n t i n g  t h e  example query .  
- 
/ \ name 
--------- 
A 
( p r o j e c t i o n )  
( j o i n )  
I 
I 
I 
I 
employees 
I !  
I 
i 
I 
1 I 
yea r  = 1 1981 ( r e s t r i c t i o n )  
\ I 
I 
I 
I 
pape r s  
F igu re  2.2:  An o p e r a t o r  g raph  r e p r e s e n t i n g  t h e  example query.  
--A 
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2.4 Tableaux 
--- .- - 
Tableaux as de f ined  i n  L ~ ~ 0 7 9 a - c )  a r e  a t a b u l a r  n o t a t i o n  f o r  a 
s u b s e t  o f  r e l a t i o n a l  c a l c u l u s  q u e r i e s  c h a r a c t e r i z e d  by c o n t a i n i n g  no 
u n i v e r s a l  q u a n t i f i e r s  and on ly  AND-connected te rms .  Such q u e r i e s  
a r e  f r e q u e n t l y  r e f e r r e d  t o  as c o n j u n c t i v e  - q u e r i e s  -- L R O S E ~ O ~ ,  Y C H A N ~ ~ : .  
Tableaux a r e  s p e c i a l i z e d  m a t r i c e s  t h e  columns o f  which 
cor respond  t o  t h e  a t t r i b u t e s  o f  t h e  u n d e r l y i n g  d a t a b a s e .  The f i r s t  
row o f  t h e  m a t r i x ,  c a l l e d  t h e  summary, s e r v e s  t h e  same purpose  as 
t h e  t a r g e t  l i s t  o f  a r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n .  The o t h e r  rows 
d e s c r i b e  t h e  p r e d i c a t e .  
The symbols appea r ing  i n  a t a b l e a u  a r e  d i s t i n g u i s h e d  v a r i a b l e s  
------- 
( r e p r e s e n t i n g  f r e e  v a r i a b l e s )  , n o n d i s t i n g u i s h e d  -- -- v a r i a b l e s  
--- 
( r e p r e s e n t i n g  e x i s t e n t i a l l y  q u a n t i f i e d  v a r i a b l e s ) ,  c o n s t a n t s ,  
b l a n k s ,  and t a g s  ( i n d i c a t i n g  t h e  r ange  r e l a t i o n )  . 
The c o n s t r u c t i o n  o f  a t a b l e a u  T r e p r e s e n t i n g  t h e  que ry  o f  
example 2.1 s t a r t i n g  w i t h  t a b l e a u x  f o r  s i n g l e  r e l a t i o n s  and 
proceed ing  w i t h  combining t h e s e  t a b l e a u x  t o  new t a b l e a u x  f o r  l a r g e r  
and l a r g e r  subexpre s s ions  i s  i l l u s t r a t e d  i n  f i g u r e  2.3. 
D i s t i ngu i shed  v a r i a b l e s  a r e  denoted by a ' s ,  n o n d i s t i n g u i s h e d  ones  by 
b ' s .  
Expre s s ions  c o n t a i n i n g  d i s j u n c t i o n s  ( u n i o n s )  and n e g a t i o n s  
( d i f f e r e n c e s )  can b e  r e p r e s e n t e d  by s e t s  o f  t a b l e a u x  ~ S A G I ~ O ' .  
The re fo re ,  t a b l e a u  s e t s  can  be  c o n s i d e r e d  a r e l a t i o n a l l y  comple te  
r e p r e s e n t a t i o n  form. The s p e c i f i c  v a l u e  o f  t a b l e a u x  w i t h  r e s p e c t  t o  
query o p t i m i z a t i o n  w i l l  be d i s c u s s e d  i n  s e c t i o n  3.2. 
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s t a t u s  name e n r  y e a r  
.................................. 
T(emp1oyees) = I a1 a 2  a'3 I 
.................................. 
f a1 a2 a3 I , employees 
.................................. 
.................................. 
I 
I a3 a 4  ! 
.................................. 
I 
I a3 a 4  I p a p e r s  
.................................. 
T (  ~ e s t (  papers ,year= l981  ) ) = 
.................................. 
I 
I a3 1981 
.................................. 
I 
I a3 1981 ( p a p e r s  
.................................. 
T (  ~ ~ i n (  employees, 
en r=en r  , 
Rest(  papers ,year=+981 ) ) = 
.................................. 
a1 a 2  a3 1981 ) 
.................................. 
I 
I a1 a 2  a3 I employees 
I 
I a3 1981 j p a p e r s  
.................................. 
T (  ~ e s t (  J o i n (  employees, 
en r=en r  , 
Res t (pape r s ,yea r= l981  ) ,  
s t a t u s = p r o f e s s o r )  ) = 
.................................. 
I p r o f e s s o r  a 2  a3 1981 I 
.................................. 
I , p r o f e s s o r  a 2  I a3 , employees 
1 
I a3 1981 1 p a p e r s  
.................................. 
T( P r o j ( R e s t (  J o i n (  employees,  
e n r = e n r  , 
Rest(  p a p e r s  ,year=1981 1, 
s t a t u s . = p r o f e s s o r )  , 
name) ) = 
.................................. 
1 
I a 2  I I 
.................................. 
I p r o f e s s o r  a 2  b3 1 employees 
I 
I b3 1981 1 p a p e r s  
.................................. 
Figu re  2.2: Stepwise  c o n s t r u c t i o n  o f  a t a b l e a u  r e p r e s e n t i n g  
t h e  query  o f  example 2.1 
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3. QUERY TRANSFORMATION 
----- 
Q u e r i e s  c a n n o t  o n l y  b e  e x p r e s s e d  i n  a number o f  d i f f e r e n t  
r e p r e s e n t a t i o n  forms,  b u t  a l s o ,  f o r  e a c h  e x p r e s s i o n  r e p r e s e n t i n g  
some q u e r y  t h e r e  may e x i s t  a number o f  s e m a n t i c a l l y  e q u i v a l e n t  
e x p r e s s i o n s  of t h e  same form. The t r a n s f o r m a t i o n  o f  a n  e x p r e s s i o n  
i n t o  a n  e q u i v a l e n t  one  b y  means o f  w e l l - d e f i n e d  r u l e s  is  t h e  s u b j e c t  
o f  t h i s  e e c t i z c .  We d i s t i n g u i s h  t h r e e  g o a l s  o f  q u e r y  t r a n s f o r m a t i o n :  
- t h e  c o n s t r u c t i o n  o f  a s t a n d a r d i z e d  s t a r t i n g  p o i n t  
f o r  q u e r y  o p t i m i z a t i o n  ( s t a n d a r d i z a t i o n )  --- ; 
- t h e  e l i m i n a t i o n  o f  redundancy ( s i m p l i f i c a t i o n )  ; 
- 
- t h e  c o n s t r u c t i o n  o f  a m e l i o r a t e d  e x p r e s s i o n s  
w i t h  r e s p e c t  t o  e v a l u a t i o n  pe r fo rmance  ( a m e l i o r a t i o n )  . 
----.---- 
3.1 S t a n d a r d i z a t i o n  
- -
S e v e r a l  a p p r o a c h e s  t o  q u e r y  o p t i m i z a t i o n  d e f i n e  a s t a n d a r d i z e d  
s t a r t i n g  p o i n t  t h r o u g h  a normal ized  v e r s i o n  o f  t h e  u n d e r l y i n g  q u e r y  
r e p r e s e n t a t i o n  form  PALE^^^, [ w o N G ~ ~ ! ,  [ J A R K ~ ~  1,   KIM^^]. I n  t h e  
f o l l o w i n g ,  we s h a l l  p r e s e n t  two normal  fo rms  f o r  t h e  r e l a t i o n a l  
c a l c u l u s  t o g e t h e r  w i t h  t h e  r u l e s  t o  b e  obeyed by t h e  n o r m a l i z a t i o n  
p r o c e d u r e .  
A r e l a t i o n a l  c a l c u l u s  r e p r e s e n t a t i o n  o f  a q u e r y  i s  s a i d  t o  b e  
i n  p r e n e x  normal form i f  i t s  s e l e c t i o n  e x p r e s s i o n  is  o f  t h e  f o r n  
SOME/ALL r1 I N  re11 . . SOME/ALL r n  I N  r e l n  [M) 
where M is a q u a n t i f i e r - f r e e  p r e d i c a t e .  
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M i s  c a l l e d  t h e  m a t r i x  and can a l s o  be  s t a n d a r d i z e d .  A m a t r i x  
c o n s i s t i n g  of a d i s j u n c t i o n  o f  c o n j u n c t i o n s  ( o f  t e r m s  A i j )  s uch  as 
( A l l  AND .. ANDAln) OR .. OR (Am1 AND .. AND Amn) 
is s a i d  t o  be  i n  d i s j u n c t i v e  normal form, and a m a t r i x  c o n s i s t i n g  o f  
a c o n j u n c t i o n  of d i s j u n c t i o n s  such  as 
( A l l  OR .. OR Aln) AND .. AND (Am1 OR .. OR Amn) 
is i n  c o n j u n c t i v e  normal form. 
--- 
The prenex normal form combined wi th  t h e  normal forms f o r  t h e  
m a t r i x  y i e l d s  two normal forms f o r  r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n s :  
d i s j u n c t i v e  prenex normal form ( DPNF) and c o n j u n c t i v e  prenex normal 
-- - -- - - -- --- - 
form (CPNF) . The use  o f  DPNF is mot iva ted  by t h e  g o a l  t o  keep  
-
i n t e r m e d i a t e  r e s u l t s  small d u r i n g  t h e  e v a l u a t i o n  o f  a que ry ,  s i n c e  
i n  many c a s e s  d i s j u n c t i o n s  can  b e  e v a l u a t e d  i n d e p e n d e n t l y  o f  e a c h  
o t h e r    BERN^^ a!, [ J A R K ~ I  !. The CPNF h a s  proven u s e f u l  f o r  t h e  
r e d u c t i o n  o f  q u e r i e s  i n t o  s e r i a l i z a b l e  components ' ~ 0 ~ ~ 7 6 :  and f o r  
data-dependent a m e l i o r a t i o n  ( e  .g. ,  t e s t i n g  t h e  most r e s t r i c t i v e  
d i s j u n c t i o n  f i r s t ) .  
The t r a n s f o r m a t i o n  o f  a n  a r b i t r a r y  r e l a t i o n a l  c a l c u l u s  
e x p r e s s i o n  i n t o  prenex normal form is a m a t t e r  o f  moving q u a n t i f i e r s  
over  t e rms  ( f rom r i g h t  t o  l e f t ) .  Q u a n t i f i e r  movement i s  governed by 
t h e  t r a n s f o r m a t i o n  r u l e s  o f  t a b l e  3.1. 
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Q 1 :  A  AND SOME r I N  r e1  ( B ( r ) )  
<==> 
SOME.  r I N  r e 1  ( A  AND B ( r ) )  
Q 2 :  A  OR SOME r I N  r e 1  ( B (  r ) )  
<==> 
a)  S O M E  r I N  r e1  ( A  OR B (  r )  ) I re1 # 
b) A  f re1 = [ ]  
Q3: A  AND A L L  r I N  re1 ( B ( r ) )  
<==> 
a) A L L  r i n  re1  ( A  AND B ( r ) )  re1 # r l  
b )  A  f r e1  = r - j 
Q4: A  OR A L L  r I N  re1  ( B ( r ) )  
<==> 
A L L  r I N  r e1  ( A  OR B ( r ) )  
Q 5 :  S O M E  rl I N  r e 1 1  S O M E  r 2  I N  re12 ( A (  r 1  , r 2 ) )  
<==> 
S O M E  r 2  I N  re12 S O M E  rl I N  r e 1 1  ( A (  rl , r 2 ) )  
Q6: A L L  rl I N  r e 1 1  A L L  r 2  I N  re12 ( A ( r 1  , r 2 ) )  
<==> 
A L L  r 2  I N  re12 A L L  r l  I N  r e 1 1  ( A ( r l , r 2 ) )  
Q 7 :  SOPIE r I N  r e1  ( A (  r )  O R  B( r )  ) 
<==> 
S O M E  r I N  re1 ( ~ ( r ) )  OR SOME r I N  r e 1  ( B ( r ) )  
Q 8 :  A L L  r I N  re1  ( A( r )  AND B (  r )  ) 
<==> 
A L L  r I N  re1 ( A ( r ) )  AND A L L  r i n  r e 1  ( B ( r ) )  
Q 9 :  NOT A L L  r I N  r e1  ( A ( r ) )  
<==> 
SC)ME r I N  re1  ( N O T ( A (  r ) ) )  
Q 1 O : N O T  SOME r I N  re1 ( A ( r ) )  
<==> 
A L L  r I N  re1  ( N O T ( A ( r ) ) )  
T a b l e  3.1 :   ran sf or mat ion ru l e s  f o r  q u a n t i f i e d  e x p r e s s i o n s  
- 
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M1 : Commutative Laws 
a )  A OR B <==> B OR A 
b )  A AND B <==> B AND A 
M2: A s s o c i a t i v e  Laws 
a )  ( A  OR B) OR C <==> A OR ( B  OR C )  
b )  ( A  AND B) AND C <==> A AND ( B  AND C )  
M3: D i s t r i b u t i v e  Laws 
a)  A OR ( B  AND C) <==> (A OR B) AND (A OR C) 
b )  A AND ( B  OR C )  <==> ( A  AND B )  OR (A AND C )  
M4: Idempotency Laws 
a)  A OR A <==> A 
b )  A AND A <==> A 
C )  A OR N O T ( A )  <==> TRUE 
d )  A AND NOT(A) <==> FALSE 
e )  A OR FALSE <==> A 
f )  A AND TRUE <==> A 
g )  A OR TRUE <==> TRUE 
h )  A AND FALSE <==> FALSE 
i )  NOT ( N C T  ( A ) )  <==> A 
M5: De Morgan's  Laws 
a )  NOT ( A  AIJD B)  <==> NOT (A)  OR NOT ( B )  
b )  NOT (A OR B) <==> NOT ( A )  AND NOT ( B )  
Tab le  3.2:  T r a n s f o r m a t i o n  r u l e s  f o r  t h e  m a t r i x  
---A 
The d i s t i n c t i o n  o f  t h e  c a s e s  be tween empty and non-empty r a n g e  
r e l a t i o n s  i n  r u l e s  Q2 and Q3 of  t a b l e  3.1 is  due  t o  t h e  
many-sortedness of  t h e  r e l a t i o n a l  c a l c u l u s  [ J A R K ~ ~ ~ ' .  
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A r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n  can  b e  t rans formed i n t o  a n  
e q u i v a l e n t  e x p r e s s i o n  o f  a one-sor ted c a l c u l u s  by i n t r o d u c i n g  a 
r ange  d e f i n i t i o n  such as ( r  I N  r e l )  as a n o t h e r  t ype  o f  a tomic  
p r e d i c a t e :  
01 : SOME r I N  r e 1  ( pred)  
<==> 
SOME r ( ( r  I N  r e l )  AND p r e d )  
02: ALL r I N  r e 1  ( p r e d )  
<==> 
ALL r ( !  r I N  r e l )  ==> p r e d )  
The a p p l i c a t i o n  o f  r u l e s  Q2a and Q3a when moving a q u a n t i f i e r  ove r  a 
term would t h e r e f o r e  y i e l d  a wrong r e s u l t  i n  t h e  c a s e  o f  a n  empty 
r ange  r e l a t i o n .  It f o l l o w s ,  t h a t  an  au toma t i c  n o r m a l i z a t i o n  o f  a n  
a r b i t r a r y  r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n  must p r e s e r v e  i n f o r m a t i o n  
about  t h e  o r i g i n a l  range  d e f i n i t i o n  o f  v a r i a b l e s ,  s o  t h a t  r un t ime  
m o d i f i c a t i o n s  acco rd ing  t o  r u l e s  Q2b and Q3b can b e  performed when 
neces sa ry .  
Normal iza t ion  o f  t h e  m a t r i x  is r a t h e r  s t r a i g h t f o r w a r d  and can  
b e  ach ieved  by u s i n g  DeMorgan's laws, t h e  d i s t r i b u t i v e  laws, and t h e  
l a w  o f  doub le  nega t ion  ( s e e  t a b l e  3 . 2 ) .  
3 . 2  S i m p l i f i c a t i o n  
We have a l r e a d y  s e e n  t h a t  t h e r e  might  b e  s e v e r a l  s e m a n t i c a l l y  
e q u i v a l e n t  e x p r e s s i o n s  r e p r e s e n t i n g  one and t h e  same query.  One 
sou rce  o f  o r i g i n  f o r  d i f f e r e n c e s  between any two e q u i v a l e n t  
e x p r e s s i o n s  i s  t h e i r  degree  o f  redundancy T H A L L ~ ~ : ,  '~~~079'. A 
s t r a i g h t f o r w a r d  e v a l u a t i o n  o f  a redundant  e x p r e s s i o n  would l e a d  t o  
t h e  execu t ion  of a s e t  o f  o p e r a t i o n s  some o f  which a r e  s u p e r f l u o u s .  
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T h e r e f o r e ,  que ry  o p t i m i z a t i o n  aims a t  t h e  e l i m i n a t i o n  o f  
redundancy b y  means o f  t r a n s f o r m i n g  a redundant  e x p r e s s i o n  i n t o  an  
e q u i v a l e n t  non-redundant one.  
A r edundant  e x p r e s s i o n  can  b e  s i m p l i f i e d  by a p p l y i n g  t h e  
t r a n s f o r m a t i o n  r u l e s  M4a t o  M4i c o n s i d e r i n g  idempotency ( s e e  t a b l e  
- - - -  
3.2) .  The a p p l i c a t i o n  o f  t h e s e  r u l e s  i s  compl ica ted  by t h e  f a c t  t h a t  
idempotency can occur  a t  any l e v e l  i n  t h e  e x p r e s s i o n  due t o  t h e  
p re sence  o f  common subexpre s s ions ,  --- i . e . ,  s u b e x p r e s s i o n s  o c c u r i n g  
more t h a n  once i n  t h e  e x p r e s s i o n  r e p r e s e n t i n g  t h e  query .  Thus,  i n  
o r d e r  t o  s i m p l i f y  a n  e x p r e s s i o n  l i k e  
[EACH e  I N  ,employees: 
e.name = 'Smith '  
OR 
( e . s t a t u s  = a s s i s t a n t  OR e . s t a t u s  = p r o f e s s o r )  
AND 
NOT(e.s ta tus  = p r o f e s s o r  OR e . s t a t u s  = a s s i s t a n t )  ' 
[EACH e  I N  employees: e.name = ' ~ m i t h ' ]  
by means o f  r u l e s  Mla and M4g, t h e  s u b e x p r e s s i o n s  
( e . s t a t u s  = a s s i s t a n t  OR e . s t a t u s  = p r o f e s s o r )  
and 
( e . s t a t u s  = p r o f e s s o r  OR e  . s t a t u s  = a s s i s t a n t )  
must f i r s t  b e  recognized as b e i n g  e q u i v a l e n t .  Algor i thms f o r  t h e  
r e c o g n i t i o n  of common s u b e x p r e s s i o n s  a r e  g i v e n  i n  ~ H A L L ~ ~ ~ I .  
The r e c o g n i t i o n  o f  common s u b e x p r e s s i o n s  and t h e  a p p l i c a t i o n  o f  
idempotency r u l e s  have t o  b e  performed c o n c u r r e n t l y  r a t h e r  t h a n  
s e q u e n t i a l l y ,  s i n c e  t h e  s i m p l i f i c a t i o n  o f  a n  e x p r e s s i o n  by means o f  
idempotency r u l e s  may y i e l d  f u r t h e r  common subexpres-  * i o n s  which i n  
t u r n  are s u b j e c t  t o  s i m p l i f i c a t i o n .  
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Expres s ions  t h a t  a r e  bound t o  empty r e l a t i o n s  can  a l s o  b e  
----- 
s i m p l i f i e d .  Transformat ions  r u l e s  f o r  t h e i r  s i m p l i f i c a t i o n  a r e  g i v e n  
i n  t a b l e  3.3- Note,  t h a t  t h e s e  r u l e s  can  o n l y  b e  a p p l i e d  a t  run t ime .  
EI  : [EACH r i n  [ 1: p red ]  <==> ' 3  
E2: ' < r . ~ l , .  . , r  .An> OF EACK r I N  [ I :  p r ed ]  <==> - - 
E3: SOME r 13 [ ]  ( p r e d )  <==> FALSE 
E4: ALL r I N  [ ]  ( p r e d )  <==> TRUE 
Table  -.--- 3.3: Transformat ion  r u l e s  f o r  e x p r e s s i o n s  
w i t h  empty r e l a t i o n s  
Terms s e r v e  as a tomic  p r e d i c a t e s  i n  t h e  r e l a t i o n a l  c a l c u l u s  
( s e c t i o n  2.1 ) .  However, t h e  m a t r i x  can b e  s i m p l i f i e d  i f  t h e  s eman t i c  
o f  t h e  comparison o p e r a t o r s  i s  t a k e n  i n t o  account  e x p l i c i t l y .  One 
impor t an t  a p p l i c a t i o n  i s  t h e  so -ca l l ed  c o n s t a n t  p r o p a g a t i o n  which 
u s e s  t r a n s i t i v i t y  laws such  as 
r.A op s . B  AND s . B  = c o n s t  ==> r . A  op  c o n s t  
t o  reduce  t h e  number o f  dyad ic  t e rms  i n  a query.  Algor i thms  t h a t  
minimize t h e  number of  rows i n  t a b l e a u x  as i n t r o d u c e d  i n  s e c t i o n  2 . 4  
s y s t e m a t i c a l l y  e x p l o i t  such  s i m p l i f i c a t i o n  r u l e s  f o r  c o n j u n c t i v e  
q u e r i e s  [ ~ ~ 0 7 9 a ] .  S ince  t h e  number o f  rows i n  a t a b l e a u  i s  one more 
t h a n  t h e  number o f  j o i n s  ( d y a d i c  j o i n  t e rms )  i n  t h e  e x p r e s s i o n ,  t h e  
min imiza t ion  of t h e  number o f  rows co r r e sponds  t o  t h e  e l i m i n a t i o n  o f  
redundant  j o i n s .  
~ S A G I ~ O ?  ex t ends  t h e  t a b l e a u  t e c h n i q u e s  t o  cove r  t h e  
s i m p l i f i c a t i o n  o f  e x p r e s s i o n s  c o n t a i n i n g  d i s j u n c t i o n s .  The 
g e n e r a l i z a t i o n  t o  a l l  e x p r e s s i o n s  o f  a r e l a t i o n a l l y  comple te  
l anguage ,  however, i s  s t i l l  an open problem ' ~ ~ ~ 1 8 1  . 
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3.3 Amel iora t ion  
Query  s i m p l i f i c a t i o n  does  n o t  n e c e s s a r i l y  produce a un ique  
e x p r e s s i o n  i n  t h e  s e n s e  t h a t  t h e r e  may e x i s t  o t h e r  non-redundant 
e x p r e s s i o n s  which a r e  s e m a n t i c a l l y  e q u i v a l e n t  t o  t h e  one g e n e r a t e d  
by some s i m p l i f i c a t i o n  t echn ique .  The e v a l u a t i o n  o f  e x p r e s s i o n s  
co r r e spond ing  t o  one and t h e  same query may d i f f e r  s u b s t a n t i a l l y  
w i t h  r e s p e c t  t o  performance pa rame te r s  such  as t h e  s i z e  o f  
i n t e r m e d i a t e  r e s u l t s ,  t h e  number o f  r e l a t i o n  e l emen t s  a c c e s s e d ,  e t c .  
I n  t h e  f o l l o w i n g ,  we p r e s e n t  a s e t  o f  que ry  t r a n s f o r m a t i o n  
h e u r i s t i c s  which, when a p p l i e d  t o  e x p r e s s i o n s ,  y i e l d  a m e l i o r a t e d  
e x p r e s s i o n s  wi th  r e s p e c t  t o  e v a l u a t i o n  performance.  
The s i m p l e s t  t r a n s f o r m a t i o n s  cons ide red  i n  t h i s  s e c t i o n  a r e  t h e  
combination o f  a sequence o f  p r o j e c t i o n s  i n t o  a s i n g l e  p r o j e c t i o n  
------ 
and t h e  combinat ion of a sequence of  r e s t r i c t i o n s  i n t o  a s i n g l e  
--- ------ 
r e s t r i c t i o n  [ s M I T ~ ~ ! ,  [ H A L L ~ ~ ! .  The co r r e spond ing  t r a n s f o r m a t i o n  
r u l e s  a r e :  
A l :  Pro j (  . . P r o j ( P r o j ( ~ , A 1 ) , ~ 2 ) , .  . ,An) 
<==> 
Proj(R,An)  
A2: Res t (  . .Res t (Res t (R:pred l  ) :p red2)  : . . : p r edn )  
<==> 
Rest(R:predl  AND pred2 AND .. AND p redn )  
Combining i n t r a r e l a t i o n a l  o p e r a t i o n s  h a s  two advan tages .  F i r s t ,  
r e p e t i t i v e  r e a d i n g  of t h e  same r e l a t i o n  i s  a v o i d e d ,  and second ,  
e x i s t i n g  acces s  p a t h s  may be  used f o r  t h e  combined o p e r a t i o n  and  n o t  
on ly  f o r  t h e  f i r s t  o p e r a t i o n  i n  t h e  sequence.  
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Min imiza t ion  of t h e  s i z e  o f  i n t e r m e d i a t e  r e s u l t s  t o  be  
c o n s t r u c t e d ,  s t o r e d ,  and r e t r i e v e d  is t h e  g o a l  o f  a number of 
a m e l i o r a t i n g  t r a n s f o r m a t i o n s .  One impor t an t  h e u r i s t i c  moves 
s e l e c t i v e  o p e r a t i o n s  such  as r e s t r i c t i o n  and p r o j e c t i o n  over  
c o n s t r u c t i v e  o p e r a t i o n s  such  as j o i n  and C a r t e s i a n  p roduc t  i n  o r d e r  
t o  perform t h e  s e l e c t i v e  ones  as e a r l y  as p o s s i b l e  1 ~ ~ 1 ~ 7 5 ' .  I n  t h e  
c o n t e x t  o f  r e l a t i o n a l  c a l c u l u s ,  t h e  c o n s i d e r a t i o n  o f  a c e r t a i n  
e v a l u a t i o n  sequence can b e  r e p r e s e n t e d  by a n e s t e d  e x p r e s s i o n .  The 
e v a l u a t i o n  of a n e s t e d  e x p r e s s i o n  s t a r t s  w i t h  t h e  e v a l u a t i o n  o f  t h e  
innermost  n e s t i n g ,  fo l lowed  by i t s  s u r r o u n d i n g  n e s t i n g  and s o  on 
u n t i l  t h e  ou te rmos t  n e s t i n g  is reached .  A n e s t e d  e x p r e s s i o n  imp ly ing  
t h e  e a r l y  e v a l u a t i o n  o f  monadic t e rms  ( r e s t r i c t i o n s )  is g i v e n  i n  
exmple 3.1. 
Example 3.1 : A nes t ed  e x p r e s s i o n  e q u i v a l e n t  t o  t h e  
e x p r e s s i o n  i n  example 2.1 . 
[<e.name> OF 
EACH e  I N  [EACH e  I N  employees: e . s t a t u s  = p r o f e s s o r 7 :  
SOME p  I N  [EACH p  I N  papers :  p .year  = 1981 7 
( e . e n r  = p . e n r ) ]  
The e a r l y  e v a l u a t i o n  o f  s e l e c t i v e  o p e r a t i o n s  i s  a s p e c i a l  c a s e  
o f  t h e  so -ca l l ed  que ry  detachment as i n t r o d u c e d  i n  ' ~ 0 ~ ~ 7 6 ' .  There ,  
-
a subexpre s s ion  t h a t  o v e r l a p s  wi th  t h e  r e s t  o f  t h e  e x p r e s s i o n  on a 
s i n g l e  v a r i a b l e  is  de tached  and forms a n  i n n e r  n e s t i n g .  This  i s  done 
r e c u r s i v e l y  a t  any n e s t i n g  l e v e l  u n t i l  t h e  e x p r e s s i o n  cannot  b e  
f u r t h e r  reduced.  Example 3 . 2  demons t r a t e s  t h e  detachment  o f  a 
subexpress ion  i n  a complex e x p r e s s i o n .  
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Example 3 . 2  : Departments o f f e r i n g  l e c t u r e s  t h a t  a r e  h e l d  by 
p r o f e s s o r s  who l i v e  i n  t h e  same c i t y  where 
t h e  depar tment  is l o c a t e d  and who have pub l i shed  
some paper i n  1981. 
The co r r e spond ing  exp re s s ion :  
[EACH d I N  depar tments :  
SOME 1 I N  l e c t u r e s  
SOME e  i n  employees 
( e . s t a t u s  = p r o f e s s o r  
and 
d.dname=l.dnaae AND l . e n r = e . e n r  AND e . c i t y = d . c i t y  
AND 
SOME p  I N  p a p e r s  
( p . y e a r  = 1981 AND p .enr  = e . e n r ) ) l  
An e q u i v a l e n t  e x p r e s s i o n  produced by que ry  detachment :  
[EACH d I N  depar tments :  
SOME 1 I N  l e c t u r e s  
SOME e  I N  [EACH e  I N  
[EACH e  I N  employees: e - s t a t u s  = p r o f e s s o r ' :  
SOME p  I N  [EACH p  I N  pape r s :  p .yea r  = 1981 ? 
( e . e n r  = p .en r )  1 
(d.dname=l.dname AND l . e n r = e . e n r  AND e  . c i t y = d . c i t y )  ! 
An o b j e c t  g raph  r e p r e s e n t i n g  t h e  que ry  i s  shown i n  F i g u r e  3.1. 
------------- 
!EACH d  I N  ) 
! depar tments  ! 
------------- 
d . c i t y  / \ d.dname 
= / \ - 
e . c i t y  / 
----------- 
\ ;.dname 
----------- 
!SOME e  I N !  e . enr=c .enr  !SOME 1 I N !  
f employees ( ------------- ( l e c t u r e s  I ,
----me----- ----------- 
e .  e n r  I 
- I 
\ 
\  I 
p. e n r  
----------- 
\ 
* e . s t a t u s = p r o f  
;SOME p  I N ;  
I ; p a p e r s  , 
----------- 
I 
I 
I 
I 
* 
p.y9ar=1981 
F i g u r e  3.1: Object  g raph  f o r  example 3 . 2  
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 36 
Note t h a t  t h e  r e s u l t i n g  nes t ed  e x p r e s s i o n  i s  i r r e d u c i b l e  s i n c e  
i t  canno t  b e  s e p a r a t e d  i n t o  two subexpre s s ions  o v e r l a p p i n g  on a 
s i n g l e  v a r i a b l e .  I n  o t h e r  words, t h e  nes t ed  e x p r e s s i o n  c o n t a i n s  a 
c y c l e .  Th is  i s  a l s o  obvious  from f i g u r e  3.1. 
The importance o f  t h e  d i s t i n c t i o n  between c y c l i c  and a c y c l i c  
( t r e e - l i k e )  e x p r e s s i o n s  f o r  que ry  p r o c e s s i n g  w i l l  be f u r t h e r  
d i s c u s s e d  i n  s u b s e c t i o n  4.3. A t  t h i s  p o i n t ,  we s h a l l  ment ion o n l y  
t h a t  t h e r e  a r e  c y c l e s  which can  b e  f u r t h e r  reduced ,  f o r  example 
t h o s e  t h a t  a r e  i n t roduced  by t r a n s i t i v i t y .  I n  [ B E R N B ~  b',   BERN^^ d l ,  
a l g o r i t h m s  f o r  t h e  d e t e c t i o n  o f  such  ben ign  c y c l e s  a r e  d e s c r i b e d .  
The concep t  o f  extended range  e x p r e s s i o n s  7 J A R K ~ ~ ~ !  p r o v i d e s  a 
----- 
g e n e r a l i z a t i o n  o f  query  detachment i n  t h a t  i t  a l s o  c o n s i d e r s  
e x p r e s s i o n s  c o n t a i n i n g  u n i v e r s a l  q u a n t i f i c a t i o n .  Database  r e l a t i o n s  
d e f i n i n g  t h e  r ange  o f  a r e l a t i o n  v a r i a b l e  a r e  r e p l a c e d  by c a l c u l u s  
e x p r e s s i o n s  acco rd ing  t o  t h e  f o l l o w i n g  t r a n s f o r m a t i o n  r u l e s :  
A 3 :  [EACH r I N  r e l :  p red l  AND pred2 '  
<==> 
[EACH r I N    EACH r I N  r e l :  p red l  1: pred21 
A4: SOFIE r 1% r e 1  ( p r e d l  AND p r e d 2 )  
<==> 
SOME r I N  [EACH r I N  r e l :  p red l  ? ( p r e d 2 )  
A5: ALL r I N  r e l :  (NOT(pred1 ) OR p r e d 2 )  
<==> 
ALL r I N  [EACH r I N  r e l :  p r e d l l  ( p r e d 2 )  
Note t h a t  t r a n s f o r m a t i o n  r u l e  A5 f o r  u n i v e r s a l l y  q u a n t i f i e d  
v a r i a b l e s  i s  e s p e c i a l l y  p r o f i t a b l e  s i n c e  t h rough  t h e  r e d u c t i o n  o f  
t h e  number of c o n j u n c t i o n s  i n  t h e  o u t e r  n e s t i n g ,  t h e  i n t e r m e d i a t e  
r e s u l t s  can  be expected t o  b e  c o n s i d e r a b l y  s m a l l e r  i n  s i z e .  
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The a m e l i o r a t i n g  t r a n s f o r m a t i o n s  p r e s e n t e d  s o  far  use  
i n fo rma t ion  from t h r e e  s o u r c e s :  g e n e r a l  t r a n s f o r m a t i o n  r u l e s  and 
h e u r i s t i c s  g u i d i n g  t h e i r  u sage ,  knowledge about  t h e  r e l a t i o n a l  d a t a  
s t r u c t u r e s ,  and t h e  query  i t s e l f .  Two o t h e r  knowledge b a s e s  have n o t  
been cons ide red :  i n t e g r i t y  c o n s t r a i n t s  t h a t  complement t h e  
s t r u c t u r a l  d a t a  d e f i n i t i o n  i n  many d a t a b a s e  sys t ems ,  and t h e  d a t a  
i t s e l f .  
I n t e g r i t y  c o n s t r a i n t s  a r e  p r e d i c a t e s  t h a t  must b e  t r u e  f o r  each  
element o f  a c e r t a i n  r e l a t i o n  o r  f o r  each  combina t ion  o f  e l emen t s  o f  
a c e r t a i n  group o f  r e l a t i o n s  ( r e f e r e n t i a l  i n t e g r i t y ) .  Thus, t h e y  can  
b e  added t o  t h e  s e l e c t i o n  e x p r e s s i o n  o f  any que ry  w i thou t  changing 
i ts  t r u t h  va lue .  There a r e  a few approaches  making use  o f  t h i s  
o b s e r v a t i o n  under t h e  l a b e l s  o f  knowledge-based ~ K A M M ~ O '  o r  semant ic  
--- 
query  p r o c e s s i n g  [ K I N G ~ ~  1. 
-- 
Assume f o r  example, t h a t  one i n t e g r i t y  c o n s t r a i n t  s a y s :  "we 
h i r e  o n l y  p r o f e s s o r s  who have a t  l e a s t  one paper  pe r  yea r " .  I n  t h i s  
c a s e ,  t h e  e v a l u a t i o n  of example 2.1 ( a s k i n g  f o r  p r o f e s s o r s  w i t h  
p a p e r s  i n  1981 ) becomes t r i v i a l ,  and t h e  e v a l u a t i o n  o f  example 3 . 2  
is s u b s t a n t i a l l y  s i m p l i f i e d .  
Adding an i n t e g r i t y  c o n s t r a i n t  t o  a s e l e c t i o n  e x p r e s s i o n  can 
a l s o  change t h e  s t r u c t u r e  o f  t h e  query  t o  make i t  more t r a c t a b l e .  
Consider  t h e  c o n s t r a i n t :  "we h i r e  o n l y  l o c a l  p r o f e s s o r s f ' .  I n  t h i s  
c a s e ,  t h e  term ' d . c i t y = e . c i t y t  i n  example 3 .2  can b e  o m i t t e d .  The 
remaining query does  no l o n g e r  c o n t a i n  a c y c l e .  
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The s u c c e s s  o f  semant ic  query p r o c e s s i n g  depends l a r g e l y  on t h e  
development of e f f i c i e n t  h e u r i s t i c s  f o r  choos ing  among t h e  many 
t r a n s f o r m a t i o n s  made p o s s i b l e  by add ing  any combinat ion o f  i n t e g r i t y  
c o n s t r a i n t s  t o  t h e  query.  QUIST [ K I N G ~ I  ] u s e s  a r t i f i c i a l  
i n t e l l i g e n c e  t y p e  r u l e s  t o  make t h i s  d e c i s i o n  f o r  a s p e c i a l  c l a s s  o f  
r e l a t i o n a l  d a t a b a s e s .  
' ~ ~ 0 7 9 :  p o i n t s  ou t  t h a t  t h e r e  a r e  c a s e s  where t h e  op t ima l  
t r a n s f o r m a t i o n  i s  data-dependent.  The h e u r i s t i c s  p r e s e n t e d  above inay 
no t  always b e  o p t i m a l ,  e s p e c i a l l y  when c e r t a i n  a c c e s s  p a t h s  a r e  
suppor ted  by p h y s i c a l  d a t a  s t r u c t u r e s .  One consequence o f  such  d a t a  
dependence i s  t h a t ,  i n  a d d i t i o n  t o  t h e  que ry  c o m p i l e r ,  a l s o  t h e  
runt ime s u p p o r t  must b e  equiped wi th  que ry  t r a n s f o r a a t i o n  
f a c i l i t i e s .  
Fur thermore ,  i f  h e u r i s t i c s  do n o t  y i e l d  s a t i s f a c t o r y  r e s u l t s  
s imul taneous  o p t i m i z a t i o n  o f  t h e  p h y s i c a l  and t h e  l o g i c a l  l e v e l  
becomes n e c e s s a r y .  Before  t u r n i n g  t o  such  i n t e g r a t e d  approaches ,  
however, t h e  p h y s i c a l  e v a l u a t i o n  o f  query  components h a s  t o  b e  
d e s c r i b e d .  
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4. QUERY EVALUATION 
T h i s  s e c t i o n  p r e s e n t s  methods f o r  t h e  e v a l u a t i o n  of  que ry  
components of v a r y i n g  complexi ty  s u c h  as one -va r i ab l e  e x p r e s s i o n s ,  
two-va r i ab l e  e x p r e s s i o n s ,  and m u l t i - v a r i a b l e  e x p r e s s i o n s .  The 
i n d i v i d u a l  approaches  can  be viewed as t h e  b u i l d i n g  b l o c k s  o f  a 
g e n e r a l  q u e r y  e v a l u a t i o n  system. The i r  a s s o c i a t e d  c o s t s  and r a n g e s  
o f  a p p l i c a b i l i t y  c o n s t i t u t e  t h e  i n p u t  t o  t h e  l a s t  s t a g e  of  t h e  que ry  
o p t i m i z a t i o n  p roces s  which g e n e r a t e s  t h e  op t ima l  a c c e s s  p l a n .  
4.1 One-Variable Expre s s ions  
One-var iable  e x p r e s s i o n s  d e s c r i b e  c o n d i t i o n s  f o r  t h e  s e l e c t i o n  
of  e l emen t s  from a s i n g l e  r e l a t i o n .  A n a i v e  approach t o  t h e i r  
e v a l u a t i o n  would b e  t o  read  every  e lement  o f  t h e  r e l a t i o n  and t e s t  
i f  i t  s a t i s f i e s  each  term of t h e  e x p r e s s i o n .  S i n c e  t h i s  approach i s  
v e r y  c o s t l y ,  e s p e c i a l l y  i n  t h e  p re sence  of  l a r g e  r e l a t i o n s  and 
complex e x p r e s s i o n s ,  v a r i o u s  t e c h n i q u e s  have been used t o  improve 
i ts  e f f i c i e n c y .  These t e c h n i q u e s  aim a t  r e d u c i n g  t h e  number o f  
e lement  a c c e s s e s ,  and a t  r educ ing  t h e  number o f  t e s t s  a p p l i e d  t o  a n  
accessed  e lement .  
The number of e lement  a c c e s s e s  can  b e  reduced by employing d a t a  
s t r u c t u r e s  t h a t  p r o v i d e  a c c e s s  p a t h s  o t h e r  t h a n  t h e  e x h a u s t i v e  
s e q u e n t i a l  a c c e s s .  One p o s s i b i l i t y  i s  t o  keep  t h e  r e l a t i o n  s o r t e d  
-- - 
with  r e s p e c t  t o  one o r  more a t t r i b u t e s  s o  t h a t  i t  can  be  acces sed  i n  
ascending  o r  descending  o r d e r .  Th i s  h a s  proven u s e f u l  f o r  t h e  
e v a l u a t i o n  of r ange  e x p r e s s i o n s ,  i .e  . , e x p r e s s i o n s  t h a t  d e f i n e  a n  
i n t e r v a l  of a t t r i b u t e  v a l u e s .  
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D i r e c t  and o r d e r e d  a c c e s s  is a l s o  p rov ided  by  i n d e x e s .  An i n d e x  
is a r e l a t i o n  which a s s o c i a t e s  a t t r i b u t e  v a l u e s  w i t h  r e f e r e n c e s  t o  
r e l a t i o n  e l e m e n t s ,  u s u a l l y  c a l l e d  t u p l e  i d e n t i f i e r s  ( TIDs) . We 
d i s t i n g u i s h  one-dimensional  i n d e x e s  s u p p o r t i n g  a c c e s s  v i a  a s i n g l e  
r e l a t i o n  a t t r i b u t e ,  and m u l t i - d i m e n s i o n a l  i n d e x e s  s u p p o r t i n g  a c c e s s  
v i a  a s e t  of  a t t r i b u t e s .  One-dimensional i n d e x e s  a r e  u s u a l l y  
implemented by ISAM [ I B M ~ ~ ]  o r B- t ree  [ B A Y E ~ Z !  s t r u c t u r e s .  An 
overv iew ef z a l t i - 6 f m e n s i o n a l  i n d e x  s t r u c t u r e s  is g i v e n  i n   BENT^^:. 
The number o f  t e s t s  a p p l i e d  t o  a n  a c c e s s e d  r e l a t i o n  e l e m e n t  
d u r i n g  e x p r e s s i o n  e v a l u a t i o n  c a n  b e  reduced by means o f  r u n t i m e  
t r a n s f o r m a t i o n s  of t h e  e x p r e s s i o n .  The o p t i m i z a t i o n  o f  a s p e c i a l  
c l a s s  of  P P ~ P S S ~ Q ~ S ,  Boolean e x p r e s s i o n s ,  h a s  s i n c e  l o n g  b e e n  a 
r e s e a r c h  t o p i c  i n  compi le r  c o n s t r u c t i o n  [ G R I E ~ I  :. Boolean  
e x p r e s s i o n s ,  i . e . ,  q u a n t i f i e r - f r e e  AND/OR c o n n e c t e d  t e r m s  a r e  a n  
i n t e g r a l  pa r t  cf a n u b e r  o f  c o n t r o l  s t r u c t u r e s  i n  h i g h - l e v e l  
programming l a n g u a g e s .  The o v e r a l l  i d e a  f o r  t h e  code  o p t i m i z a t i o n  o f  
Boolean e x p r e s s i o n s  is t o  g e n e r a t e  code  t h a t  s k i p s  o v e r  t h e  
e v a l u a t i o n  o f  e x p r e s s i o n  components no  l o n g e r  r e l e v a n t  t o  t h e  v a l u e  
o f  t h e  e x p r e s s i o n  as a whole. F o r  example i n  t h e  s t a t e m e n t  
IF A AND B THEN 
s t a t e m e n t  - 1 
ELSE 
s t a t e m e n t  2 
- 
END 
t h e  e v a l u a t i o n  of t e r n  B i s  s u p e r f l u o u s  and t h e  ELSE-branch c a n  be  
e x e c u t e d  r i g h t  away i n  c a s e  t e rm A h a s  a l r e a d y  b e e n  e v a l u a t e d  t o  
FALSE. 
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The same idea a p p l i e d  t o  t h e  e v a l u a t i o n  o f  o n e - v a r i a b l e  
e x p r e s s i o n s  i n  q u e r y  l a n g u a g e s  f G U D E ~ ~ ? ,  ' ~ 1 ~ 7 6 :  c a n  b e  i n t e r p r e t e d  
as q u e r y  s i m p l i f i c a t i o n  a t  r u n t i m e .  
Changing t h e  o r d e r  i n  which i n d i v i d u a l  e x p r e s s i o n  components  
a r e  e v a l u a t e d  is a n o t h e r  a p p r o a c h  t o  improve e v a l u a t i o n  e f f i c i e n c y .  
S e v e r a l  a l g o r i t h m s  a r e  known t o  l e a d  t o  o p t i m a l  e v a l u a t i o n  s e q u e n c e s  
i n  c e r t a i n  s i t u a t i o n s  w i t h  [ H A N A ~ ? ] ,  and w i t h o u t  [ B R E I ~ ~ J  
c o n s i d e r i n g  a p r i o r i  p r o b a b i l i t i e s  f o r  a t t r i b u t e  v a l u e s .  
4.2 Two-Variable E x p r e s s i o n s  
Two-variable e x p r e s s i o n s  d e s c r i b e  c o n d i t i o n s  f o r  t h e  
c o m b i n a t i o n  o f  e l e m e n t s  f rom two r e l a t i o n s .  I n  g e n e r a l ,  t w o - v a r i a b l e  . 
e x p r e s s i o n s  a r e  composed o f  monadic teras, r e s t r i c t i n g  s i n g l e  
v a r i a b l e s  i n d e p e n d e n t l y  o f  e a c h  o t h e r ,  and d y a d i c  t e r m s ,  
e s t a b l i s h i n g  t h e  l i n k  between b o t h  v a r i a b l e s .  I n  t h i s  s u b s e c t i o n  we 
s h a l l  f i r s t  d e s c r i b e  t h e  b a s i c  methods  f o r  t h e  e v a l u a t i o n  o f  a 
s i n g l e  d y a d i c  t e rm c o r r e s p o n d i n g  t o  t h e  j o i n  o p e r a t o r  d e f i n e d  i n  
s u b s e c t i o n  2 . 2  and t h e n  d i s c u s s  s t r a t e g i e s  f o r  t h e  e v a l u a t i o n  o f  
a r b i t r a r y  t w o - v a r i a b l e  e x p r e s s i o n s .  
Approaches t o  t h e  i m p l e m e n t a t i o n  o f  t h e  j o i n  o p e r a t i o n  c a n  be 
c l a s s i f i e d  i n t o  t h o s e ,  where t h e  o r d e r  i n  which r e l a t i o n  e l e m e n t s  
a r e  a c c e s s e d  is r e l e v a n t ,  and i n t o  t h o s e ,  where i t  is  n o t .  The b a s i c  
method independen t  of t h e  o r d e r  o f  e l e m e n t  a c c e s s  is  t h e  s o - c a l l e d  
n e s t e d  i t e r a t i o n  -- method [ P E C H ~ ~ ] ,  I s E L I ~ ~ ! .  I n  t h i s  method,  e v e r y  
- -- 
p a i r  of r e l a t i o n  e l e m e n t s  is a c c e s s e d  and c o n c a t e n a t e d  i f  t h e  j o i n  
c o n d i t i o n  i s  s a t i s f i e d .  
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A s k e t c h  o f  t h e  a l g o r i t h m  fo l lows :  
FOR i := 1 T O  N1 DO 
r ead  i - t h  element o f  R1 ; 
FOR j := 1 TO N2 DO 
read  j - th  e lement  o f  R2; 
form t h e  j o i n  a c c o r d i n g  t o  t h e  j o i n  c o n d i t i o n ;  
END ; 
END ; 
L e t  N1 (N2) be t h e  number o f  e lements  o f  t h e  r e l a t i o n  read  i n  
t h e  o u t e r  ( i n n e r )  l o o p ,  t h e n  N1 + Nl*N2 seconda ry  s t o r a g e  a c c e s s e s  
a r e  r e q u i r e d  t o  e v a l u a t e  t h e  dyad ic  term assuming t h a t  each  e lement  
a c c e s s  needs  one secondary  s t o r a g e  a c c e s s .  
The nes t ed  i t e r a t i o n  method can  b e  augmented by t h e  use o f  a n  
index on t h e  j o i n  a t t r i b u t e (  s )  o f  R2. I n s t e a d  o f  s c a n n i n g  32 
-- 
s e q u e n t i a l l y  f o r  each  e lement  o f  R 1 ,  t h e  match ing  R2 e l emen t s  a r e  
r e t r i e v e d  d i r e c t l y  [ K L U G ~ Z ~ ~ .  Thus, o n l y  N1 + Nl*NZ*j12 a c c e s s e s  a r e  
r e q u i r e d  where j12 i s  a j o i n  s e l e c t i v i t y  f a c t o r  d e s c r i b i n g  t h e  
r e d u c t i o n  of t h e  C a r t e s i a n  produc t  R I * R 2  by t h e  j o i n  c o n d i t i o n .  
The nes ted  b l o c k  method [ K I M ~ O ]  a d a p t s  t h e  n e s t e d  i t e r a t i o n  
method t o  a paged-memory environment .  The method assumes a main 
memory b u f f e r  which h o l d s  one o r  more pages o f  b o t h  r e l a t i o n s .  Each 
page c o n t a i n s  a s e t  o f  r e l a t i o n  e lements .  
The a lgo r i t hm i t s e l f  i s  b a s i c a l l y  i d e n t i c a l  to .  t h e  one o f  t h e  
nes t ed  i t e r a t i o n  method excep t  t h a t  menory pages  a r e .  r ead  i n s t e a d  of 
s i n g l e  r e l a t i o n  e lements .  The number o f  s econda ry  s t o r a g e  a c c e s s e s  
needed t o  form t h e  j o i n  is reduced t o  P1 + ( ~ l  /B1 )*?2 where ?1 ( P 2 )  
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is  t h e  number o f  p a g e s  occup ied  by t h e  o u t e r  ( i n n e r )  r e l a t i o n  and B1 
i s  t h e  number of p a g e s  o f  t h e  o u t e r  r e l a t i o n  h e l d  i n  t h e  main memory 
b u f f e r .  The fo rmula  makes c l e a r  t h a t  it is a lways  p r e f e r a b l e  t o  r e a d  
t h e  smaller r e l a t i o n  i n  t h e  o u t e r  l o o p  ( t h a t  i s ,  t o  make P1 < P 2 ) .  
Note t h a t  o n l y  PI + P2 a c c e s s e s  a r e  n e c e s s a r y ,  i f  one  o f  t h e  
r e l a t i o n s  c a n  b e  k e p t  e n t i r e l y  i n  t h e  main memory b u f f e r .  
The merge method [ B L A S ~ ~ ] ,  [ S E L I ~ ~ !  i s  b a s e d  on a c e r t a i n  o r d e r  
-
i n  which r e l a t i o n  e l e m e n t s  a r e  a c c e s s e d .  Both r e l a t i o n s  a r e  scanned  
i n  a s c e n d i n g  o r  d e s c e n d i n g  o r d e r  o f  j o i n  a t t r i b u t e  v a l u e s  and merged 
a c c o r d i n g  t o  t h e  j o i n  c o n d i t i o n .  Approximate ly  N1 + N 2  + 3 2  + 5 2  
s e c o n d a r y  s t o r a g e  a c c e s s e s  a r e  r e q u i r e d  where 31 and  52 d e n o t e  t h e  
number o f  s e c o n d a r y  s t o r a g e  a c c e s s e s  n e c e s s a r y  t o  s o r t  t h e  
r e l a t i o n s .  I n  c a s e  t h e  r e l a t i o n s  a r e  a l r e a d y  s o r t e d  o r  i n d e x e s  a r e  
a v a i l a b l e ,  t h e  merge method a p p e a r s  t o  b e  t h e  most e f f i c i e n t  
approach  t o  e v a l u a t e  a d y a d i c  t e rm [ M E R R ~ ~  b!. 
Methods f o r  t h e  e v a l u a t i o n  o f  a r b i t r a r y  t w o - v a r i a b l e  
- 
e x p r e s s i o n s  a r e  combined o f  s t r a t e g i e s  f o r  o n e - v a r i a b l e  e x p r e s s i o n s  
an6 a l g o r i t h m s  f o r  t h e  computa t ion  o f  d y a d i c  terms. They d i f f e r  i n  
t h e  way t h e y  make use  of a n d / o r  t e m p o r a r i l y  c r e a t e  a c c e s s  p a t h s  s u c h  
as i n d e x e s ,  l i n k s ,  and s o r t i n g ,  and i n  t h e  o r d e r  i n  which t h e  t e r m s  
a r e  p r o c e s s e d .  One s u c h  method a p p l i e d  t o  t h e  e v a l u a t i o n  o f  t h e  
q u e r y  i n  example 2.1 is i l l u s t r a t e d  i n  t h e  o p e r a t o r  g r a p h  o f  f i g u r e  
4.1. 
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F i g u r e  4.1 : O p e r a t o r  g r a p h  i l l u s t r a t i n g  t h e  e v a l u a t i o n  
o f  example  q u e r y  2.1.  The e x i s t e n c e  o f  
v a r i o u s  i n d e x e s  i s  as sumed .  
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The method makes e x t e n s i v e  use o f  i n d e x e s .  Tuple  i d e n t i f i e r s  
r e s u l t i n g  from t h e  p r o c e s s i n g  o f  monadic t e r m s  and t h o s e  t h a t  
s a t i s f y  t h e  j o i n  c o n d i t i o n  a r e  i n t e r s e c t e d  and t h e n  used t o  a c c e s s  
t h e  r e l a t i o n  e l e m e n t s .  These e l e m e n t s  a r e  p r o j  e z t e d  o n t o  a t t r i b u t e s  
a p p e a r i n g  i n  t h e  d y a d i c  t e rm and i n  t h e  t a r g e t  l i s t .  The p r o j e c t e d  
e l e m e n t s  a r e  c o n c a t e n a t e d  and p r o j e c t e d  on t h e  t a r g e t  a t t r i b u t e .  
I n  [ B L A S ~ ~ :  and [ Y A O ~ ~ :  v a r i o u s  o t h e r  a l g o r i t h m s  a r e  p r e s e n t e d  
and s y s t e m a t i c a l l y  compared w i t h  r e s p e c t  t o  t h e i r  e f f i c i e n c y .  T h e i r  
r e s u l t s  d e m o n s t r a t e  t h a t  o f t e n  no a p r i o r i  b e s t  a l g o r i t h m  e x i s t s  s o  
t h a t  one  h a s  t o  r e l y  e i t h e r  on h e u r i s t i c s  o r  on a n  e x p e n s i v e  c o s t  
compar i son  of many a l t e r n a t i v e s  f o r  e a c h  q u e r y .  
4.3 M u l t i - V a r i a b l e  - - E x p r e s s i o n s  
S t r a t e g i e s  f o r  t h e  e v a l u a t i o n  o f  m u l t i - v a r i a b l e  e x p r e s s i o n s ,  
i . e . ,  e x p r e s s i o n s  c o n t a i n i n g  a t  l e a s t  two v a r i a b l e s ,  a r e  t h e  l a r g e s t  
b u i l d i n g  b l o c k s  f o r  a g e n e r a l  q u e r y  p r o c e s s i n g  s y s t e m .  T h e r e  a r e  two 
b a s i c  a p p r o a c h e s ,  which w i l l  b e  r e f e r r e d  t o  as p a r a l l e l  p r o c e s s i n g  
and s t e p w i s e  r e d u c t i o n .  
The ~ a r a l l e l  p r o c e s s i n g  o f  q u e r y  components  s e r v e s  t o  a v o i d  
r e p e a t e d  a c c e s s  t o  t h e  same d a t a ,  and c r e a t i o n  and s u b s e q u e n t  
r e a d i n g  of t empora ry  r e s u l t s .  Repea ted  a c c e s s  t o  t h e  same d a t a  c a n  
b e  avo ided  by s i m u l t a n e o u s  e v a l u a t i o n  o f  m u l t i p l e  q u e r y  components .  
I n  [ P A L E ~ Z ' ,  a l l  monadic t e r m s  a s s o c i a t e d  w i t h  some v a r i a b l e  a r e  
c o m p l e t e l y ,  and t h e  d y a d i c  t e r m s  p a r t i a l l y  p r o c e s s e d .  E x i s t i n g  A K D  
c o n e c t i o n s  among t e r m s  c a n  a l s o  b e  e x p l o i t e d  i n  p a r a l l e l  t o  r e d u c e  
t h e  s i z e  of i n t e r m e d i a t e  r e s u l t s  J A R K ~ ~  1. 
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A s i m i l a r  approach  on a h i g h e r  l e v e l  is t a k e n  i n  : K L U G ~ ~ ~ ]  
where a g g r e g a t e  f u n c t i o n s  and complex s u b q u e r i e s  a r e  computed i n  
p a r a l l e l .  S c h e d u l i n g  s t r a t e g i e s  f o r  t h e  p a r a l l e l  p r o c e s s i n g  o f  q u e r y  
components  a r e  d i s c u s s e d  i n  [ s c H M ~ ~ ! .  
The p i p e l i n i n g  o f  o p e r a t i o n s  t h a t  c a n  work o n  p a r t i a l  o u t p u t  o f  
p r e c e d i n g  o p e r a t i o n s  is  a n o t h e r  t e c h n i q u e  t h a t  e x p l o i t s  p a r a l l e l i s m  
[ s M I T ~ ~ ~ ,  ' ~ 0 7 9 1  For  example ,  r e s t r i c t i o n  and p r o j e c t i o n  c a n  b e  
p i p e l i n e d  s o  t h a t  o n l y  a r e l a t i v e l y  small b u f f e r  f o r  d a t a  exchange  
i s  needed i n s t e a d  of t h e  c r e a t i o n  and s u b s e q u e n t  r e a d i n g  o f  a 
t empora ry  r e l a t i o n .  
A s p e c t s  o f  s i m u l t a n e o u s  e v a l u a t i o n  and p i p e l i n i n g  a r e  combined 
i n  t h e  s o - c a l l e d  f e e d b a c k  method [ R O T H ~ ~ ] ,  T C L A U ~ O : .  The i d e a  i s  t o  
use  p a r t i a l  r e s u l t s  of a j o i n  o p e r a t i o n  i n  o r d e r  t o  r e s t r i c t  i t s  
i n p u t .  The d e g r e e  t o  which t h i s  c a n  b e  done depends  on t h e  
q u a n t i f i c a t i o n  o f  v a r i a b l e s  o c c u r i n g  i n  t h e  j o i n  t e r m .  F o r  example ,  
c o n s i d e r  t h e  e x p r e s s i o n  
[EACH r I N  R :  ALL s I N  S  ( r . A  o p  s . ~ ) ! .  
Assume t h a t  t h e  j o i n  t e r a  is  e v a l u a t e d  by n e s t e d  i t e r a t i o n .  W h i l e  
t e s t i n g  some e l e m e n t ,  r ,  it is  found t h a t  r . A  o p  s . B  i s  f a l s e  f o r  a 
c e r t a i n  s w i t h  s.B = c l .  Because  o f  t h e  u n i v e r s a l  q u a n t i f i c a t i o n  o f  
s ,  r i s  r e j e c t e d ,  and a n  e l i m i n a t i o n  f i l t e r  can  b e  added :  
[EACH r I N  R :  NOT ( r . A  o p  c l )  AND ALL s I N  S ( r . A  o p  s . ~ ) :  
because  t h e  same s would f a i l  a l l  r t h a t  do  n o t  s a t i s f y  t h e  f i r s t  
te rm.  On t h e  o t h e r  hand,  i f  r w i t h  r . A  = c2 p a s s e s  t h e  t e s t ,  a 
t r u e - f i l t e r  can  b e  added [ C L A U ~ O ] :  
[EACH r I N  R :  r .A op  c2 OR NOT ( r . A  o p  c l  ) AND . . . 2 .  
Both f i l t e r s  c a n  b e  updated s u b s e q u e n t l y  t o  s h a r p e n  t h e  c o n s t r a i n t s .  
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The second b a s i c  approach t o  t h e  e v a l u a t i o n  o f  m u l t i - v a r i a b l e  
e x p r e s s i o n s  w i l l  be  mot iva ted  by means o f  t h e  f o l l o w i n g  example. 
F i g u r e  4 .2  shows a n  o b j e c t  g r aph  r e p r e s e n t i n g  t h e  e x p r e s s i o n  
[<d.dname> OF 
EACH d  I N  depar tments :  
SOME e  I N  employees ( e . s t a t u s = p r o f e s s o r  
AND e . c i t y = d . c i t y )  
AND 
SOME 1 I N  l e c t u r e s  ( l .dayt ime>8pm 
AND 1 .dnane=d.dname) 
------------- 
:EACH d I N  I 
! depar tments  
d . c i t y  / 
= / 
e . c i t y  / 
----------- 
;SOME e I N ;  
employees 1 
----------- 
I 
I 
I 
I 
* 
e . s t a t u s = p r o f  
F igu re  4.2: Objec t  g r aph  f o r  example 4.1 
Expres s ions  l i k e  t h e  one i n  example 4.1 a r e  c a l l e d  --- t r e e  
e x p r e s s i o n s   GOOD^^!, [ S H M U ~ ~  s i n c e  t h e i r  a s s o c i a t e d  que ry  g raph  i s  
a t r e e .  A s imple  approach t o  e v a l u a t i n g  such  an  e x p r e s s i o n  would be 
t o  form t h e  j o i n  o f  t h e  t h r e e  r e l a t i o n s ,  r e s t r i c t  t h e  i n t e r m e d i a t e  
r e s u l t  accord ing  t o  monadic t e rms  and f i n a l l y  p r o j e c t  i t  o n t o  t h e  
a t t r i b u t e s  appea r ing  i n  t h e  t a r g e t  l i s t .  A s  shown a l r e a d y  i n  t h e  
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i n t r o d u c t o r y  example ( s e c t i o n  1 . 2 ,  s t r a t e g y  1 ) , t h i s  approach 
performs v e r y  poo r ly .  Th is  is even more p rob lema t i c  i n  a d i s t r i b u t e d  
environment where each  r e l a t i o n  r e s i d e s  on a d i f f e r e n t  s i t e .  The 
r ea sons  a r e  t h a t  e n t i r e  r e l a t i o n s  a r e  t r a n s m i t t e d  from s i t e  t o  s i t e ,  
and t h a t  t h e  r e l a t i o n  a t  t h e  t a r g e t  s i t e  is  t e m p o r a r i l y  expanded 
th rough  t h e  fo rmat ion  of t h e  j o i n ,  a l t h o u g h  t h e  f i n a l  r e s u l t  w i l l  
o n l y  be  a h o r i z o n t a l  and v e r t i c a l  s u b s e t  o f  i t .  
I n  [ B E R N B ~ ~ ]  t h e  s t epwise  r e d u c t i o n  o f  t r e e  e x p r e s s i o n s  ( w i t h  
- 
f r e e  and e x i s t e n t i a l l y  q u a n t i f i e d  v a r i a b l e s )  h a s  been  i n t r o d u c e d  
which o f t e n  outperforms t h e  s imp le  approach above,  i n  a 
d e c e n t r a l i z e d  as w e l l  as i n  a c e n t r a l i z e d  s e t t i n g .  The method is  
based on a modif ied  j o i n  o p e r a t i o n ,  i . e . ,  t h e  s o - c a l l e d  s emi j  o i n .  
The s e m i j o i n  o f  a r e l a t i o n  R by a r e l a t i o n  S e q u a l s  t h e  j o i n  of 
t h e s e  r e l a t i o n s  p r o j e c t e d  back on to  t h e  a t t r i b u t e s  o f  r e l a t i o n  R 
  BERN^^^]. The advantage  of  t h e  s e m i j o i n  i s ,  t h a t  i t s  e v a l u a t i o n  
o n l y  r e q u i r e s  t h e  t r a n s m i s s i o n  o f  a v a l u e - l i s t  o f  t h e  j o i n  
a t t r i b u t e s ,  i n s t e a d  o f  a n  e n t i r e  r e l a t i o n ,  s i n c e  o n l y  ' h a l f  o f  a 
j o i n '  is  t o  be formed. 
The e v a l u a t i o n  o f  a t r e e  e x p r e s s i o n  by means o f  s t e p w i s e  
r e d u c t i o n  proceeds  as f o l l o w s :  s t a r t i n g  from t h e  l e a v e s  o f  t h e  que ry  
t r e e  r e p r e s e n t i n g  t h e  e x p r e s s i o n ,  one s e m i j o i n  p e r  edge is execu ted  
i n  b r e a d t h - f i r s t  l e a f - t o - r o o t  o r d e r .  Thus, a t r e e  e x p r e s s i o n  
c o n t a i n i n g  n  v a r i a b l e s  is comple t e ly  p roces sed  by n-1 s e m i j o i n s  i f  
eve ry  v a r i a b l e  excep t  t h e  one co r r e spond ing  t o  t h e  r o o t  o f  t h e  t r e e  
is  e x i s t e n t i a l l y  q u a n t i f i e d .  An a d d i t i o n a l  s e m i j o i n  p rocedure  i n  
r eversed  o rde r  i s  r e q u i r e d  i n  c a s e  a l l  v a r i a b l e s  a r e  f r e e .  
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S t r a t e g i e s  f o r  t h e  e v a l u a t i o n  o f  t r e e  e x p r e s s i o n s  c o n t a i n i n g  
b o t h  e x i s t e n t i a l  and u n i v e r s a l  q u a n t i f i e r s  must  t a k e  i n t o  a c c o u n t  
t h e  o r d e r  i n  which t h e s e  q u a n t i f i e r s  a p p e a r  i n  t h e  e x p r e s s i o n .  
S t e p w i s e  r e d u c t i o n  is o n l y  p o s s i b l e  when t h e  p r o c e s s i n g  of t h e  
e d g e s  o f  t h e  q u e r y  t r e e  ( b r e a d t h - f i r s t  l e a f - t o - r o o t )  c o r r e s p o n d s  t o  
t h e  o r d e r  of t h e  q u a n t i f i e r s  i n  t h e  e x p r e s s i o n  ( r i g h t  t o  l e f t ) .  
C o n s i d e r  t h e  q u e r y  t r e e  o f  f i g u r e  4 .3  w h i c h  r e p r e s e n t s  
t h e  e x p r e s s i o n  
[<d.dname> OF 
EACH d  I N  d e p a r t m e n t s :  
ALL p  I N  p a p e r s  
SOME e I N  employees  
( p . e n r = e . e n r  AND e . c i t y = d . c i t y )  
AND 
SOME 1 I N  l e c t u r e s  ( l . dnme=d .dname)  ! 
------------- 
~ E A C H  d  IN ; 
f d e p a r t m e n t s  ; 
------------- 
d . c i t y  / \ d.dname 
- / \ = 
e . c i t y  / \ l .dname 
----------- ----------- 
;SOME e  I N ;  
 SOME 1 IN( 
f employees  f I l e c t u r e s  j 
----------- ----------- 
e . e n r  / 
= / 
p . e n r  / 
---------- 
!ALL p  I N f  
I 
: p a p e r s  , 
---------- 
F i g u r e  4 .2 :  O b j e c t  g r a p h  f o r  example 4 . 2  
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P r o c e s s i n g  t h e  t r e e  i n  b r e a d t h - f i r s t  l e a f - t o - r o o t  o r d e r  
would y i e l d  t h e  va lue  o f  t h e  e x p r e s s i o n  
'<d.dname> OF 
EACH d  I N  depar tments :  
SOME e  I N  employees 
ALL p  I N  p a p e r s  
(p . en r=e . en r  AND e . c i t y = d . c i t y ) !  
AlVD 
SOME 1 I N  l e c t u r e s  (l.dna.ae=d.dname) 
which is  n o t  e q u i v a l e n t  t o  t h e  o r i g i n a l  e x p r e s s i o n .  
The p o s i t i o n  o f  a n  e x i s t e n t i a l  and a u n i v e r s a l  q u a n t i f i e r  
cannot  b e  in te rchanged  wi thout  changing  t h e  meaning of t h e  
e x p r e s s i o n ,  excep t  i n  t h e  c a s e s  o f  r u l e s  Q1 t h rough  Q4 of t a b l e  3.1. 
The problem does n o t  occur  i n  e x p r e s s i o n s  c o n t a i n i n g  on ly  one s o r t  
o f  q u a n t i f i e r s  s i n c e  t h e i r  p o s i t i o n s  can  be  a r b i t r a r i l y  i n t e r c h a n g e d  
acco rd ing  t o  t r a n s f o r m a t i o n  r u l e s  Q5 and Q6. 
C y c l i c  e x p r e s s i o n s  a r e  t h e  complement o f  t r e e  e x p r e s s i o n s  w i t h  
r e s p e c t  t o  t h e  e n t i r e  s e t  of e x p r e s s i o n s .  Although t h e r e  a r e  some 
ben ign  e x c e p t i o n s    BERN^^ c ] ,  c y c l i c  e x p r e s s i o n s  i n  g e n e r a l  c an  n o t  
b e  s t e p w i s e  reduced by means o f  semi j  o i n s  ~ G O O D ~ I  !. 
Example 4.3: 
-- 
Cons ider  t h e  query:  "names o f  depa r tmen t s  t h a t  o f f e r  l e c t u r e s  
a f t e r  8pm g iven  by p r o f e s s o r s  who l i v e  i n  t h e  c i t y  where t h e  
depar tment  i s  l o c a t e d . "  The co r r e spond ing  r e l a t i o n a l  c a l c u l u s  
e x p r e s s i o n  and a query g raph  a r e  shown i n  f i g u r e  4.5. 
There is no sequence of  s e m i j o i n s  co r r e spond ing  t o  edges  o f  
t h e  query  graph  o f  example 4 .3  t h a t  p roduces  t h e  c o r r e c t  r e s u l t  
( t h e  empty r e l a t i o n )  i f  t h e  d a t a b a s e  i s  i n  t h e  s t a t e  shown i n  
f i g u r e  4 - 4 .  The reason  i s  t h a t  t h e  s e m i j o i n  t echn ique  o n l y  
c o n s i d e r s  one edge a t  a t i m e ,  and t h u s  l o o s e s  r e s t r i c t i v e  
c o n d i t i o n s  i n t roduced  th rough  t h e  feedback  e f f e c t  o f  t h e  cycle. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 51 
1 departments I dname city j street-address 
............................... 
( dl I I cil ( sl 
f d2 j ci2 ( s2 
I employees ( enr ( ename , status ( city 
lectures ( cnr ( enr I , dname ) daytime 
............................. 
I 
1 cl el ( d2 dal 
I I c2 I e2 1 dl 1 da2 
Figure 4.2: Some possible database state. 
[<d.dname> OF 
EACH d IN departments: 
SOME e 13 employees 
( e.status=professor 
AND 
SOME 1 IK lectures 
( 1. dayt ime>8pm 
AND 
d.dname=l.dname AND l.enr=e.enr AND e .city=d.city) ) 
------------- 
~EACH d IN 1 
i departments 1 
------------- 
d.city / \ d.dname 
= I \ - 
e.city / \ ;.dname 
----------- 
-----we---- 
;SOME e IN; e.enr=l.enr ;SOME 1 I N 1  
~employees;---------------l llecture~ I 
----------- ----------- 
I 
I 
I 
I 
I 
I 
I 
I 
* * 
e.status=prof 1 .dayt ime>8pm 
Figure 4.5: Calculus expression and object graph 
for example 4.3 
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r I n  i ~ A ~ ~ 8 2 ]  a p roposa l  is made t h a t  is supposed t o  g e n e r a l i z e  
t h e  a p p l i c a b i l i t y  o f  t h e  s emi j  o i n  t echn ique  t o  c y c l i c  e x p r e s s i o n s .  
The o v e r a l l  i d e a  is t o  t r a n s f o r m  t h e  c y c l i c  que ry  g raph  i n t o  a t r e e  
by add ing  a p p r o p r i a t e  t e rms  t o  some edges  o f  t h e  g raph .  F i g u r e  4 .6  
demons t r a t e s  t h e  t echn ique  a p p l i e d  t o  t h e  c y c l i c  e x p r e s s i o n  o f  
example 4.3. 
d  . dname 
0 
I 
I 
I 
I 
------------- 
; E A C H  a IN 1 
1 depar tments  
------------- 
d . c i t y  / \ d.dname=l.dname 
= / \ d . c i t y = l . c i t y  
e . c i t y  / 
----------- 
\ 
----------- 
!SOME e  I N !  e . e n r = l . e n r  !SOME 1 I N ;  
! employees 1 ---- ----------- ( l e c t u r e s  1 
----------- e . c i t y = l . c i t y  I---------- 
I I 
e . s t a t u s = p r o f  1. d a y t  ime>8pm 
F i g u r e  4.6: Augmented o b j e c t  g r aph  f o r  example 4 .3  
The a d d i t i o n a l  t e rms  ' d . c i t y = l . c i t y l  and ' l . c i t y = e . c i t y f  imply 
t h e  c o n d i t i o n  ' d . c i t y = e . c i t y t  by t r a n s i t i v i t y .  Thus,  t h e  r e s u l t i n g  
graph i s  e q u i v a l e n t  t o e a  c h a i n ,  a s p e c i a l  form o f  t r e e .  Note ,  t h a t  
add ing  t h e  new t e r m s  ( c o n c e p t i o n a l l y )  r e q u i r e s  t o  add t h e  c i t y  
a t t r i b u t e  t o  t h e  schema o f  t h e  l e c t u r e s  r e l a t i o n  ( t o  be  i n i t i a l i z e d  
wi th  n u l l  v a l u e s ) .  
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The q u e r y  t r e e  i s  t h e n  p r o c e s s e d  i n  s e m i j o i n  f a s h i o n  by 
e x e c u t i n g  a g e n e r a l i z e d  s e m i j o i n  f o r  e a c h  e d g e ,  t a k i n g  i n t o  a c c o u n t  
t h e  newly i n t r o d u c e d  a t t r i b u t e s .  The amount o f  d a t a  t r a n s f e r  is  
reduced  by  means o f  s p e c i a l i z e d  compress ion  t e c h n i q u e s .  
Methods f o r  t h e  e f f i c i e n t  i m p l e m e n t a t i o n  o f  o p e r a t i o n s  l i k e  t h e  
o n e s  p r e s e n t e d  i n  t h i s  s e c t i o n  a r e  c a n d i d a t e s  f o r  ha rdware  
components t o  b e  i n t e g r a t e d  i n  s p e c i a l i z e d  d a t a b a s e  mach ines .  S i n c e  
a d e t a i l e d  d i s c u s s i o n  o f  t h i s  t o p i c  would go beyond t h e  s c o p e  o f  
t h i s  p a p e r ,  we s h a l l  o n l y  r e f e r  t o  a s e t  o f  a r t i c l e s  [ L A N G ~ ~ ' ,  
' s M I T ~ ~ ! ,  [MARY~o! c o n t a i n i n g  a s u r v e y  o f  ha rdware  a p p r o a c h e s  t o  
q u e r y  o p t i m i z a t i o n .  
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5. ACCESS PLANS 
----- 
The p r e v i o u s  s e c t i o n  d e a l t  wi th  t e c h n i q u e s  f o r  t h e  e f f i c i e n t  
e v a l u a t i o n  of que ry  components t h a t  c an  b e  used as b u i l d i n g  b l o c k s  
o f  a g e n e r a l  query  e v a l u a t i o n  a igo r i t hm.  The q u e s t i o n  remains  how t o  
combine t h e s e  b l o c k s  i n t o  a n  op t imal  o r  a t  l e a s t  h e u r i s t i c a l l y  good 
e v a l u a t i o n  procedure  f o r  a r b i t r a r y  e x p r e s s i o n s .  The i n p u t  o f  such  a 
procedure  should  be  t h e  l o g i c a l l y  pre-processed query  as d e s c r i 3 e d  
i n  s e c t i o n  3 ,  t h e  e x i s t i n g  s t o r a g e  s t r u c t u r e s  and a c c e s s  p a t h s ,  ~ n d  
a c o s t  model. The ou tpu t  i s  an  op t ima l  a c c e s s  p l a n .  The procedure  
c o n s i s t s  o f  t h e  f o l l o w i n g  s t e p s .  
1 .  Genera te  a l l  r e a s o n a b l e  l o g i c a l  a c c e s s  p 1 z . n ~  f o r  e v a l u a t i n g  
t h e  query.  Amel iora t ing  t r a n s f o r m a t i o n s  ( s e c t i o n  3.3) may r educe  t h e  
number o f  p l a n s  t o  be  gene ra t ed  and compared. 
2. Augment t h e  l o g i c a l  a c c e s s  p l a n s  by  d e t a i l s  o f  t h e  p h y s i c a l  
r e p r e s e n t a t i o n  of d a t a  as ga ined  from t h e  meta d a t a b a s e  ( s o r t  
o r d e r s ,  e x i s t e n c e  of p h y s i c a l  a c c e s s  p a t h s ,  s t a t i s t i c a l  
i n f o r m a t i o n ) .  
3. Apply a model o f  a c c e s s  and p r o c e s s i n g  c o s t s  t o  choose t h e  
cheapes t  a c c e s s  p a t h .  
An e a r l y  example o f  such  a p r o c e s s  is d e s c r i b e d  i n  T s E L I ~ ~ ' .  
! ~ ~ 0 7 9 1  ana lyzes  t h e  op t ima l  e v a l u a t i o n  o f  two-va r i ab l e  
q u a n t i f i e r - f r e e  q u e r i e s  i n  a framework similar t o  t h e  one d e s c r i b e d  
above. A r a t h e r  complete  approach r e c e n t l y  proposed by I R O S E ~ ~ '  w i l l  
b e  de sc r ibed  i n  some d e t a i l  l a t e r .  An example i n  a d i s t r i b u t e d  
environment i s  T B E R N ~ ~  a].  
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This  s e c t i o n  f i r s t  reviews t h e  g e n e r a t i o n  of  a c c e s s  p l a n s  and 
t h e n  t h e  c h o i c e  problem and t h e  r e l a t e d  c o s t  models.  The q u a l i t y  o f  
t h e  op t ima l  s o l u t i o n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  a v a i l a b l e  s t o r a g e  
s t r u c t u r e s  and a c c e s s  p a t h s .  They u s u a l l y  cannot  b e  opt imized f o r  a 
s i n g l e  ad-hoc query.  The re fo re ,  t h e  l a s t  s u b s e c t i o n  b r i e f l y  
c o n s i d e r s  t h e  s imul taneous  o p t i m i z a t i o n  o f  m u l t i p l e  q u e r i e s .  
5.1 G e n e r a t i o n  of  Access P lans  
- 
Access p l a n s  d e s c r i b e  sequences  o f  o p e r a t i o n s  ( o p e r a t o r  graphs!  
o r  i n t e r m e d i a t e  r e s u l t s  ( o b j e c t  g r a p h s )  l e a d i n g  from t h e  e x i s t i n g  
data s t r u c t u r e s  t o  a query  r e s u l t .  A good query  o p t i m i z e r  shou ld  
g e n e r a t e  a s e t  o f  p l a n s  r i c h  enough t o  c o n t a i n  t h e  op t ima l  p l a n  b u t  
small enough t o  keep t h e  o p t i m i z a t i o n  e f f o r t  a c c e p t a b l e .  
Two extreme approaches  a r e  d e s c r i b e d  i n  T S M I T ? ~ !  and [ Y A O ? ~ ' .  
[ S M I T ~ ~ !  use a r i g i d  s e t  o f  ' a u t o m a t i c  programming' query  
t r a n s f o r m a t i o n  r u l e s  similar t o  t h e  ones  d i s c u s s e d  i n  s e c t i o n  3. The 
procedure  g e n e r a t e s  e x a c t l y  one a c c e s s  p l a n  which need n o t  b e  
op t imal  . 
On t h e  o t h e r  hand, ' ~ ~ 0 7 9 '  g e n e r a t e s  a l l  a c c e s s  p l a n s  p o s s i b l e  
i n  a g iven  p h y s i c a l  environment.  While t h i s  may b e  f e a s i b l e  i n  t h e  
c o n t e x t  o f  two-var iab le .  q u e r i e s ,  i t  becomes p r o h i b i t i v e l y  c o s t l y  f o r  
v e r y  complex q u e r i e s .  
Other approaches  l ook  f o r  a compromise between h e u r i s t i c  
s e l e c t i o n  and- d e t a i l e d  g e n e r a t i o n  o f  a l t e r n a t i v e  a c c e s s  p l a n s .  
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F o r  example,  System R [ASTR?~! ,  [ S E L I ? ~ ]  a p p l i e s  a h i e r a r c h i c a l  
p r o c e d u r e  b a s e d  on t h e  n e s t e d  b l o c k  c o n c e p t  o f  SQL. On t h e  l o w e r  
l e v e l ,  e v a l u a t i o n  p l a n s  f o r  e a c h  q u e r y  b l o c k  a r e  g e n e r a t e d  and 
compared. On t h e  upper l e v e l ,  t h e  sequence  i n  which t h e  q u e r y  b l o c k s  
a r e  e v a l u a t e d  is d e t e r m i n e d .   KIM^^] n o t e s  t h a t  t h i s  c o n c e p t  p u t s  
t o o  much emphas i s  on t h e  u s e r - s p e c i f i e d  b l o c k  s t r u c t u r e  o f  t h e  q u e r y  
and t h e r e f o r e  i n t r o d u c e s  q u e r y  s t a n d a r d i z a t i o n  s t e p s .  
A similar compromise was c h o s e n  i n  INGRES [ w o N G ? ~ ] ,  where t h e  
h e u r i s t i c  decompos i t ion  a p p r o a c h  r e d u c e s  a q u e r y  t o  a s e t  o f  
s u b q u e r i e s  c o n t a i n i n g  a t  most two v a r i a b l e s .  For  e a c h  o f  t h e s e  
s u b q u e r i e s ,  a more d e t a i l e d  a n a l y s i s  o f  i t s  o p t i m a l  i m p l e m e n t a t i o n  
is  per fo rmed .  
A more comprehensive  p r o c e d u r e  f o r  g e n e r a t i n g  a c c e s s  p l a n s  t o  
s o l v e  c o n j u n c t i v e  q u e r i e s  w i t h o u t  u n i v e r s a l  q u a n t i f i e r s  and 
a g g r e g a t e s  was proposed by [ R O S E ~ Z ! .  I n  two s t e p s ,  a n  o b j e c t  g r a p h  
o f  l o g i c a l  a c c e s s  p l a n s  and a n  o p e r a t o r  g r a p h  o f  p h y s i c a l  a c c e s s  
p l a n s  a r e  deve loped .  
The f i r s t  s t e p  s ta r t s  w i t h  a ' j o i n  t e m p l a t e '  o f  t h e  q u e r y ,  t h a t  
i s ,  a n  o b j e c t  g r a p h  where t h e  nodes  d e s c r i b e  r a n g e  r e l a t i o n s  and t h e  
e d g e s  c o r r e s p o n d  t o  d y a d i c  t e r m s .  A f i n a l  node r e p r e s e n t s  t h e  q u e r y  
r e s u l t .  Each h i e r a r c h y  w i t h  t h e  f i n a l  node as i ts  r o o t  and e x i s t i n g  
d a t a  s t r u c t u r e s  as l e a f  nodes  r e p r e s e n t s  a l o g i c a l  a c c e s s  p l a n .  The 
r e s t r i c t i o n  of r a n g e  r e l a t i o n s  b y  monadic terms and t h e  s e l e c t i o n  o f  
t a r g e t  a t t r i b u t e s  by  p r o j e c t i o n  a r e  n o t  c o n s i d e r e d  a t  t h i s  l e v e l ,  
b u t  a r e  supposed t o  b e  t a k e n  c a r e  o f  i n  p a r a l l e l  t o  a n y  a c c e s s  t o  
t h e  r a n g e  r e l a t i o n s .  
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The j o i n  t e m p l a t e  c l o s e l y  c o r r e s p o n d s  t o  t h e  p re -op t imized  form 
o f  a q u e r y  as d e s c r i b e d  i n  s e c t i o n  3. However, q u e r y  e v a l u a t i o n  can  
a l s o  make use  of d i r e c t  a c c e s s  s t r u c t u r e s  p r e s e n t  i n  t h e  DBMS, f o r  
example,  i n d e x e s  o r  CODASYL s e t  c h a i n s .  The l o g i c a l  a c c e s s  p l a n s  a r e  
comple ted  by augment ing  t h e  j o i n  t e m p l a t e  w i t h  s e q u e n c e s  o f  
i n t e r m e d i a t e  r e s u l t s  which make use  o f  t h e s e  e x i s t i n g  a c c e s s  p a t h s .  
Some nodes  i n  t h e  l o g i c a l  r e p r e s e n t a t i o n  are c l a s s  n o d e s ,  t h a t  
i s ,  t h e y  r e p r e s e n t  a whole c l a s s  o f  a l t e r n a t i v e  p h y s i c a l  
r e p r e s e n t a t i o n s  o r  o p e r a t i o n  r e s u l t s .  These a r e  e l a b o r a t e d  i n  t h e  
second p a r t  of t h e  a c c e s s  p l a n  g e n e r a t i o n  p r o c e d u r e .  E ROSE^^' 
c o n s i d e r  t h e  o p e r a t i o n s  o f  j o i n i n g ,  s c a n n i n g ,  s o r t i n g ,  and c r e a t i n g  
a n  a c c e s s  p a t h .  For  j o i n s  and s c a n s ,  a l t e r n a t i v e  i m p l e m e n t a t i o n s  a r e  
a n a l y z e d .  The ( u s u a l l y  v e r y  l a r g e )  g r a p h  o f  p h y s i c a l  o p e r a t i o n  
s e q u e n c e s  i s  n o t  c r e a t e d  i n  f u l l  s i n c e  non-opt imal  p a t h s  t o  
i n t e r m e d i a t e  r e s u l t s  a r e  pruned as soon  as b e t t e r  o n e s  are d e t e c t e d .  
5.2 S e l e c t i o n  o f  Access P l a n s  
.- - --
The c h o i c e  among p h y s i c a l  a c c e s s  p l a n s  e i t h e r  f o l l o w s  h e u r i s t i c  
r u l e s  o r  is based  on a c o s t  model o f  s t o r a g e  s t r u c t u r e s  and a c c e s s  
o p e r a t i o n s .  I n  t h i s  s u b s e c t i o n ,  c o s t  models  and t h e i r  i n t e g r a t i o n  
i n t o  o p t i m i z a t i o n  p r o c e d u r e s  w i l l  b e  r ev iewed .  
While  a few r e s e a r c h e r s  c o n s i d e r  working s t o r a g e  r e q u i r e m e n t s  
 DALE^^^,   KIM^^! o r  CPU c o s t s  [ G O T L ~ ~ ] ,  [ S E L I ? ~ :  most c o s t  mode l s  
a r e  based  on t h e  number o f  s e c o n d a r y  s t o r a g e  a c c e s s e s .  F o r  a g i v e n  
o p e r a t i o n ,  t h i s  f i g u r e  is  i n f l u e n c e d  by  t h e  s i z e  o f  i t s  o p e r a n d s ,  by 
t h e  a c c e s s  s t r u c t u r e s  u s e d ,  and by  t h e  s i z e  o f  main memory b u f f e r s .  
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A t  t h e  b e g i n n i n g  o f  t h e  e v a l u a t i o n ,  t h e  o p e r a n d s  a r e  e x i s t i n g  
d a t a  s t r u c t u r e s  o f  known s i z e  s u c h  as r e l a t i o n s  o r  i n d e x e s .  I n  l a t e r  
stages, however,  most o p e r a n d s  a r e  r e s u l t s  o f  p r e c e d i n g  o p e r a t i o n s  
and t h e  c o s t  model must  e s t i m a t e  t h e i r  s i z e  u s i n g  i n f o r m a t i o n  a b o u t  
t h e  o r i g i n a l  d a t a  s t r u c t u r e s  and t h e  s e l e c t i v i t y  o f  t h e  o p e r a t i o n s  
a l r e a d y  performed on them. 
 DEMO^^] and   RICH^^ ! g i v e  comprehensive  l i s t i n g s  o f  s i z e  
e s t i m a t e s  f o r  o p e r a t i o n s  s u c h  as r e s t r i c t i o n ,  p r o j e c t i o n ,  and j o i n  
b a s e d  on c e r t a i n  a s s u m p t i o n s .  The rev iew o f  t h e s e  a s s u m p t i o n s ,  
be low,  i s  l a r g e l y  b a s e d  on t h e  work o f  [ C H R I ~ ~  7 .  
The number o f  e l e m e n t s  s e l e c t e d  from a r e l a t i o n  o f  s i z e  N b y  a 
c o n d i t i o n  A=c is N*f(A=c) where f ( A = c )  is c a l l e d  t h e  r e s t r i c t i o n  
s e l e c t i v i t y  f a c t o r  f o r  a t t r i b u t e  A and c o n s t a n t  c .  Most c o s t  mode l s  
assume a uni form d i s t r i b u t i o n  o f  a t t r i b u t e  v a l u e s ,  t h a t  is,  f ( A = c )  = 
1 /n(A) where n ( ~ )  is  t h e  number o f  d i f f e r e n t  v a l u e s  o c c u r i n g  i n  A .  
[ C H R I ~ ~ ]  h a s  shown t h a t  t h i s  is n o t  o n l y  u n r e a l i s t i c  i n  many l a r g e  
d a t a b a s e s ,  b u t  a l s o  l e a d s  t o  v e r y  p e s s i m i s t i c  c o s t  e s t i m a t e s  
i n h i b i t i n g  t h e  use  of d i r e c t  a c c e s s  s t r u c t u r e s .  He t h e r e f o r e  
s u g g e s t s  more g e n e r a l  a s s u m p t i o n s  a b o u t  t h e  v a l u e  d i s t r i b u t i o n s ,  
e . g . ,  e x p o n e n t i a l  d i s t r i b u t i o n s  o r  a c o m b i n a t i o n  o f  a d i s c r e t e  
d i s t r i b u t i o n  f o r  t h e  most f r e q u e n t  v a l u e s  and a s i m p l e  a s s u m p t i o n  
f o r  t h e  r e s t .  
For  example,  i n  a r e l a t i o n  d e s c r i b i n g  u n i v e r s i t y  members, t h e  
number of e l e m e n t s  o f  t y p e  ' s t u d e n t '  ( s a y  90% o f  a l l  e l e m e n t s )  can  
b e  s t o r e d  e x p l i c i t l y  w h i l e  t h e  uni form d i s t r i b u t i o n  a s s u m p t i o n  
a p p l i e s  t o  t h e  r e s t  ( p r o f e s s o r s ,  d e a n s ,  s e c r e t a r i e s ,  e t c  . )  . 
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F o l l o w i n g  a n  independence  assumpt ion  o f  a t t r i b u t e  v a l u e  
d i s t r i b u t i o n s ,  t h e  s e l e c t i v i t y  f a c t o r  f o r  a c o n j u n c t i o n  o f  
r e s t r i c t i o n s  on d i f f e r e n t  a t t r i b u t e s  is t r a d i t i o n a l l y  s e t  t o  b e  t h e  
p r o d u c t  o f  t h e  s e l e c t i v i t y  f a c t o r s  f o r  e a c h  r e s t r i c t i o n .  Again ,  
[ C H R I B ~ ]  h a s  shown t h i s  t o  b e  p e s s i m i s t i c  and p r e s e n t s  e s t i m a t e s  
u s i n g  knowledge a b o u t  c o r r e l a t i o n s  be tween o c c u r e n c e s  of a t t r i b u t e  
v a l u e s  . 
The number o f  e l e m e n t s  i n  a e q u i - j o i n  c a n  be e s t i m a t e d  u s i n g  a 
j o i n  s e l e c t i v i t y  f a c t o r  j 1 2  t h a t  e s t i m a t e s  t h e  number o f  p a i r s  
<x1 ,x2> s a t i s f y i n g  t h e  j o i n  c o n d i t i o n  t o  N1 *N2* j12. To compute j 1 2 ,  
it i s  u s u a l l y  assumed t h a t  t h e  j o i n  f i e l d  v a l u e s  h a v e  uni form 
d i s t r i b u t i o n  and t h a t  t h e  two d i s t r i b u t i o n s  a r e  i n d e p e n d e n t .  
M u l t i v a r i a t e  s t a t i s t i c s  c a n  y i e l d  more r e a l i s t i c  e s t i m a t e s  [ C H R I ~ I  1. 
The f i n a l  c o s t  measure  i s  t h e  number o f  s e c o n d a r y  s t o r a g e  
a c c e s s e s  n o t  t h e  s i z e s  o f  i n t e r m e d i a t e  r e s u l t s .  The r e l a t i o n s h i p  
be tween t h e  two f i g u r e s  depends  on t h e  p h y s i c a l  s t o r a g e  s t r u c t u r e s  
i n v o l v e d  and on t h e  p r o p o r t i o n  o f  e l e m e n t s  t o  b e  a c c e s s e d .  
Assume f i r s t  t h a t  a l l  e l e m e n t s  o f  a n  operand  o f  s i z e  I? have t o  
b e  a c c e s s e d .  Then, t h e  o p t i m a l  number o f  s e c o n d a r y  s t o r a g e  a c c e s s e s  
would b e  N/B  where B i s  t h e  b l o c k i n g  f a c t o r  o f  t h e  o p e r a n d .  This c a n  
o n l y  b e  a c h i e v e d  if t h e  e l e m e n t s  a r e  s t o r e d  d e n s e l y  and i f  i t  is 
c l e a r  from t h e  b e g i n n i n g  on which p h y s i c a l  r e c o r d s  t h e  e l e m e n t s  
r e s i d e .  
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For  example,  t h e  so-ca l led  segment s c a n  of  System R h a s  t o  l o o k  
a t  a s u p e r s e t  o f  t h e  n e c e s s a r y  pages  t o  f i n d  a l l  e l emen t s  o f  a 
r e l a t i o n  [SELI?~?. If t h e  e lements  have t o  be read  i n  some 
prede te rmined  sequence,  t h e  e lements  must n o t  o n l y  b e  s t o r e d  d e n s e l y  
b u t  a l s o  s o r t e d  by t h e  g i v e n  r e a d i n g  o r d e r .  
If d i r e c t  a c c e s s  t o  a s u b s e t  o f  t h e  e l emen t s  is used ,  t h e  
number of secondary  s t o r a g e  a c c e s s e s  t o  r e t r i e v e  n  o f  t h e  N e l e m e n t s  
depends on t h e  c l u s t e r i n g  of  e lements  on p h y s i c a l  b l o c k s .  Optimal 
c l u s t e r i n g  can  reduce  t h e  number o f  pages  t o  be  acces sed  t o  n/B, and 
t h e  conven t iona l  random placement assumption [ C H R I ~ ~  1 is  a wors t  
c a s e  one. 
I n  c o n c l u s i o n ,  t h e  t r a d i t i o n a l  assumpt ions  about  v a l u e  
d i s t r i b u t i o n s  and element p lacements  t end  t o  o v e r e s t i m a t e  c o s t a  and  
t h u s  t o  b i a s  c o s t  e s t i m a t e s  a g a i n s t  d i r e c t  a c c e s s  s t r u c t u r e s .  On t h e  
o t h e r  hand, t h e  more s o p h i s t i c a t e d  t e c h n i q u e s  r e q u i r e  more 
s t a t i s t i c a l  i n fo rma t ion  about  t h e  d a t a b a s e .  The q u e s t i o n  of  how t o  
keep such  i n f o r m a t i o n  up-to-date is n o t  y e t  f u l l y  r e s o l v e d .  
How a r e  t h e  c o s t  e s t i m a t e s  used i n  que ry  o p t i m i z a t i o n ?  A s  
mentioned i n  t h e  p rev ious  s u b s e c t i o n ,  t h e r e  a r e  h e u r i s t i c  p r o c e d u r e s  
t h a t  do n o t  use them a t  a l l .  Other  approaches  combine h e u r i s t i c  
r e d u c t i o n  of  c h o i c e s  w i t h  enumera t ive  c o s t  m i n i m i z a t i o n  i n  t h e  ' end  
gamet [ w o N G ~ ~ ~ .  Some exper iments  i n d i c a t e  t h a t  some c o m b i n a t o r i a l  
a n a l y s i s  can  improve da t abase  performance c o n s i d e r a b l y  [ E P S T ~ O ; .  
For t h a t  p a r t  o f  t h e  cho ice  p rocedure  t h a t  d o e s  .make use o f  
c o s t  e s t i m a t e s ,  t h e r e  a r e  two ways t o  do s o .  
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F i r s t ,  t h e  c o s t s  o f  e a c h  a l t e r n a t i v e  a c c e s s  p l a n  c a n  b e  
d e t e r m i n e d  c o m p l e t e l y  [ B L A S ~ ~ ] ,  [ Y A O ~ ~ ] .  T h i s  a p p r o a c h  h a s  t h e  
a d v a n t a g e  of c o v e r i n g  t e c h n i q u e s  l i k e  p a r a l l e l i t y  o r  f e e d b a c k  i n  a 
r e a l i s t i c  way. On t h e  o t h e r  hand,  t h e  o p t i m i z a t i o n  e f f o r t  is  h i g h .  
Second ,  t h e  c o s t  o f  s t r a t e g i e s  c a n  b e  computed i n c r e m e n t a l l y  i n  
p a r a l l e l  t o  t h e i r  g e n e r a t i o n .  Whi le  b e i n g  somet imes  l e s s  p r e c i s e ,  
t h i s  a p p r o a c h  a l l o w s  t o  e v a l u a t e  whole f a m i l i e s  o f  s t r a t e g i e s  w i t h  
common p a r t s  i n  p a r a l l e l  and t h u s  r e d u c e s  o p t i m i z a t i o n  c o s t s  
c o n s i d e r a b l y .  For  example,   ROSE^^! k e e p  o n l y  t h e  c o s t  min imal  way 
t o  e a c h  i n t e r m e d i a t e  r e s u l t  w h i l e  d i s c a r d i n g  t h e  r e s t  as s o o n  as i ts  
non-optimal  i t y  i s  d e t e c t e d .  
An e x t e n s i o n  o f  t h e  second a p p r o a c h  would b e  a dynamic q u e r y  
o p t i m i z a t i o n  p r o c e d u r e .  The i d e a  d e r i v e s  from t h e  o b s e r v a t i o n  t h a t ,  
a t  e a c h  moment, o n l y  t h e  n e x t  o p e r a t i o n  t o  b e  performed h a s  t o  b e  
f i n a l l y  d e t e r m i n e d .  To g u a r a n t e e  o v e r a l l  o p t i m a l i t y ,  o n l y  t h e  
consequences  of t h i s  d e c i s i o n  f o r  t h e  r e s t  o f  t h e  a l g o r i t h m  must  b e  
e v a l u a t e d .  A dynamic p r o c e d u r e  h a s  a c t u a l  i n f o r m a t i o n  a b o u t  a l l  i ts  
o p e r a n d s  i n c l u d i n g  i n t e r m e d i a t e  r e s u l t s .  T h i s  i n f o r m a t i o n  c a n  a l s o  
b e  used t o  u p d a t e  t h e  e s t i m a t e s  o f  t h e  r e m a i n i n g  s t e p s .  
B e s i d e s  t h e  c o s t s  o f  s u c h  a p r o c e d u r e  i t s e l f ,  t h e r e  is a d a n g e r  
t o  g e t  s t u c k  i n  l o c a l  o p t i m a  i f  no  lookahead  is a p p l i e d .  However, i f  
used c a r e f u l l y ,  i t  c o u l d  improve t h e  p e r f o r m a n c e  o f  t h e  e v a l u a t i o n  
of  s u c h  q u e r i e s  f o r  which t h e  a c t u a l  i n t e r m e d i a t e  r e s u l t s  d i f f e r  
from t h e  e x p e c t e d  ones .  
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5 .3  Suppor t  - -- f o r  M u l t t l e  - Q u e r i e s  
-.- - 
A l l  que ry  e v a l u a t i o n  p rocedure s  p re sen t ed  i n  p r e v i o u s  s e c t i o n s  
c o n c e n t r a t e  on op t imiz ing  t h e  performance f o r  a s i n g l e  que ry .  T h i s  
may b e  i n e f f i c i e n t  on t h e  ave rage  when compared w i t h  a s t r a t e g y  t h a t  
s u p p o r t s  m u l t i p l e  q u e r i e s  s i m u l t a n e o u s l y  because  such  a s t r a t e g y  can 
c o n s i d e r  " inves tmentsu  i n  a d d i t i o n a l  a c c e s s  p a t h s  t h a t  a r e  n o t  
c o s t - e f f e c t i v e  f o r  a s i n g l e  query .  A l i m i t e d  number o f  app roaches  
a d d r e s s e s  t h i s  problem. They can  b e  c l a s s i f i e d  i n  f o u r  g roups  by t h e  
t ime  scope f o r  which d e c i s i o n s  a r e  made: ( 1  ) s imu l t aneous  
o p t i m i z a t i o n  of  batched q u e r i e s ;  ( 2 )  c o n t e x t - s e n s i t i v e  q u e r y  
p r o c e s s i n g ;  ( 3 )  index s e l e c t i o n ;  and ( 4 )  p h y s i c a l  d a t a b a s e  d e s i g n .  
A s e t  o f  q u e r i e s  which a r e  submi t t ed  a t  app rox ima te ly  t h e  same 
t ime  can  b e  batched f o r  more e f f i c i e n t  e v a l u a t i o n .  The t e c h n i q u e s  
f o r  ba tched  e v a l u a t i o n  a r e  similar t o  t h o s e  d e s c r i b e d  i n  s u b s e c t i o n  
4 . 3  f o r  m u l t i - v a r i a b l e  e x p r e s s i o n s .  For  example, r e s u l t s  o f  common 
subexpre s s ions  can  be  sha red  among q u e r i e s ,  and s u b e x p r e s s i o n s  
a c c e s s i n g  t h e  same p h y s i c a l  d a t a  can  do s o  i n  p a r a l l e l .  I n  a d d i t i o n ,  
c e r t a i n  p h y s i c a l  a c c e s s  p a t h s  such  as s o r t i n g  o r  t emporary  i n d e x e s  
c a n  b e  provided which pay o f f  f o r  t h e  b a t c h  as a whole. L i t t l e  i s  
known about  d e t a i l e d  r e s u l t s  i n  t h i s  a r e a .  [ ~ I ~ 8 l b ]  h a s  deve loped  a 
p r e l i m i n a r y  a r c h i t e c t u r e ,  and a number o f  ongoing r e s e a r c h  p r o  j e c t s  
is  d e s c r i b e d  i n   DATA^^^. 
Even i f  t h e  q u e r i e s  t o  be  op t imized  a r e  n o t  known i n  advance 
query  p r o c e s s i n g  s t r a t e g i e s  c a n  a t  l e a s t  make use o f  some known 
c o n t e x t  - i n  which q u e r i e s  a r e  asked .  One approach  [ c H A N ~ ~ ~ ,  ' M A I E ~ I ] ,  
  FINK^^] observes  t h a t  q u e r i e s  o f t e n  r e f e r  t o  fo rmer  q u e r i e s  and 
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t h a t  i t  may b e  p r o f i t a b l e  t o  s t o r e  q u e r y  r e s u l t s ,  as d e r i v e d  
r e l a t i o n s  o r  s imply  i n  a FIFO b u f f e r .  Another  g r o u p  o f  t e c h n i q u e s  
makes use  of l a n g u a g e  c o n s t r u c t s  s u c h  as s e l e c t o r s    MALL^^] o r  v iews  
[ R O U S ~ ~ !  t o  s u p p o r t  q u e r i e s  i n  t h e  c o n t e x t  p r o v i d e d  by  t h e s e  
c o n c e p t s .  
Many examples  i n  t h i s  p a p e r  show t h e  i m p o r t a n c e  o f  e x i s t i n g  
i n d e x e s  f o r  t h e  performance  o f  q u e r y  e v a l u a t i o n  a l g o r i t h m s .  From 
t h i s  a s p e c t ,  i n d e x e s  c a n  h a r d l y  h u r t  anywhere b u t  a r e  most 
p r o f i t a b l e  i f  t h e y  are v e r y  s e l e c t i v e  and s u p p o r t  a c c e s s  t o  
a t t r i b u t e s  f r e q u e n t l y  r e f e r e d  t o  i n  q u e r i e s .  However, i n d e x  
s e l e c t i o n  must a l s o  t a k e  i n t o  a c c o u n t  a l t e r i n g  t r a n s a c t i o n s  b e c a u s e  
t h e y  must change t h e  i n d e x  i n  a d d i t i o n  t o  t h e  b a s e  d a t a .  The i n d e x  
s e l e c t i o n  problem h a s  b e e n  d e s c r i b e d  i n  s e v e r a l  s u r v e y  ~ B A T O ~ ~ :  and 
t u t o r i a l  p a p e r s  [sEvE??], [ T E O R ~ O ? .  The s t a t i s t i c a l  a s s u m p t i o n s  
d i s c u s s e d  i n  t h e  p r e v i o u s  s u b s e c t i o n  a l s o  u n d e r l y  many o f  t h e s e  
models  p r e v e n t i n g  t h e  c r e a t i o n  and use  o f  p o s s i b l y  p r o f i t a b l e  
i n d e x e s  [ c H R I ~ I  1. 
F i n a l l y ,  t h e  e f f i c i e n c y  o f  q u e r y  o p t i m i z a t i o n  a l s o  d e p e n d s  on 
t h e  g e n e r a l  u n d e r l y i n g  d a t a b a s e  d e s i g n .  I m p o r t a n t  a s p e c t s  i n c l u d e  
--- 
t h e  h o r i z o n t a l  c l u s t e r i n g  o f  r e l a t i o n  e l e m e n t s  b y  a t t r i b u t e  v a l u e s  
  SALT^^:, and t h e  v e r t i c a l  p a r t i t i o n i n g  o f  a t t r i b u t e s  b y  f r e q u e n c y  
of combined a c c e s s  [ H A M M ? ~ ] .  However, l o n g t e r m  q u e r y  o p t i m i z a t i o n  is 
o n l y  one  o f  many a s p e c t s  o f  p h y s i c a l  d a t a b a s e  d e s i g n .  The g e n e r a l  
problem is s o  complex t h a t  d e c i s i o n  s u p p o r t  s y s t e m s  have  b e e n  b u i l t  
t o  combine compute r i zed  o p t i m i z a t i o n  and human j udgenen t  
  CARL^^ !. 
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SUMMARY AND C ONC L U S  I O N S  
An overview of l o g i c a l  t r a n s f o r m a t i o n  t e c h n i q u e s  and p h y s i c a l  
e v a l u a t i o n  methods w a s  g iven  us ing  t h e  framework o f  t h e  r e l a t i o n a l  
c a l c u l u s .  It  was shown t h a t  a l a r g e  body o f  knowledge h a s  been . 
developed t o  s o l v e  t h e  problem of query  e v a l u a t i o n  e f f i c i e n c y  i n  
c e n t r a l i z e d  d a t a b a s e s .  
Even d i s r e g a r d i n g  t h e  problems o f  d i s t r i b u t e d  query  
o p t i m i z a t i o n ,  however, many problems remain open. Promising r e s e a r c h  
problems inc lude :  g l o b a l  o p t i m i z a t i o n  of  complex q u e r i e s  w i t h  
q u a n t i f i e r s  and o t h e r  a g g r e g a t e s  ; s imu l t aneous  o p t i m i z a t i o n  of 
m u l t i p l e  q u e r i e s ;  and c o n t e x t - s e n s i t i v e  query  p r o c e s s i n g  i n c l u d i n g  
t h e  use o f  da t abase  s e n a n t i c .  Another i n t e r e s t i n g  a r e a  n o t  d i r e c t l y  
addressed  i n  t h i s  s u r v e y  i s  que ry  o p t i m i z a t i o n  i n  d a t a b a s e  sys tems  
w i t h  more advanced a c c e s s  p a t h s  such  as m u l t i p l e  a t t r i b u t e  i ndexes  
and da t abase  machines,  o r  w i th  complex d a t a  s t r u c t u r e s  such  as 
s t a t i s t i c a l  d a t a b a s e s ,  h i s t o r i c a l  d a t a b a s e s ,  o r  CAD/CAM d a t a b a s e s .  
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 65 
REPERENC ES 
-
Query  Op t imiza t ion  B i b l i o ~ a p h y  
------ 
AH079a Aho, A - V . ,  Sag iv ,  Y . ,  Ullman, J . D .  " E f f i c i e n t  
Op t imiza t ion  o f  a Class o f  R e l a t i o n a l  Express ions t1 ,  
ACM Trans .  Database S y s t .  4 ,  4  (Dec. 1 9 7 9 ) ,  435-454. 
AH079b Aho, A . V . ,  B e e r i ,  C . ,  Ullman, J . D .  "The Theory o f  
J o i n s  i n  R e l a t i o n a l  Databases" ,  ACM Trans .  Database 
S y s t .  4 ,  3 ( S e p t .  1979) ,  297-314. 
AH079c Aho, A . V . ,  Sag iv ,  Y . ,  Ullman, J . D .  "Equiva lences  
among R e l a t i o n a l  Expre s s ions" ,  SIAM J. Comptg. 8, 
2  (May 1979) ,  218-246. 
ASHA78 Ashany, R. "App l i ca t i on  of  Sparse  Ma t r ix  Techniques t o  
Sea rch ,  R e t r i e v a l ,  C l a s s i f i c a t i o n  and R e l a t i o n s h i p  
Ana lys i s  i n  Large Data Base Systems - SPARCOMtl, 
Proc.  4 t h  VLDB Conf.,  West B e r l i n ,  1978, 499-516. 
ASTR74 As t r ahan ,  M . M . ,  Ghosh, S.P. "A S e a r c h  Pa th  S e l e c t i o n  
Algori thm f o r  t h e  Data Independent  Access ing  Model 
( D I A M )  ", Proc.  ACM-SIGMOD Conf . , Ann Arbor ,  Michigan,  
May 1974, 367-388. 
ASTR75 As t r ahan ,  M . M . ,  Chamberlin, D.D. wImplementa t ion  o f  a 
S t r u c t u r e d  En l i s h  Query Language", Coma. ACM 18, 
10  (Oc t .  1975 f , 580-588. 
Ba to ry ,  D.S. "Index Se l ec t i on I1 ,  i n  Yao, S.B. ( e d . )  
P r i n c i p l e s  of Database Design,  S p r i n g e r  1982. 
B e r n s t e i n ,  P.A., Goodman, N . ,  Wong, .E., Reeve, C.L., 
Ro thn ie ,  J . R .  l lQuery P roces s ing  i n  a System f o r  
C i s t r i b u t e d  Databases  ( SDD-1 ) I f ,  ACM T rans .  Database 
S y s t -  6 ,  4  (Dec. 1981) ,  602-625. 
B e r n s t e i n ,  P.A., Goodman, N. "The Power o f  N a t u r a l  
Semi jo ins" ,  SIAM J. o f  Comptg. 10,  4  (Nov. 1981 ) .  
B e r n s t e i n ,  P.A., Goodman, N. "The Power o f  I n e q u a l i t y  
SemijoinsI1,  Inform. Systems 6,  4  (May 1981 ) ,  255-265. 
B e r n s t e i n ,  P.A., Chiu, D.M. "Usin Semi-Joins t o  S o l v e  
R e l a t i o n a l  Q u e r i e s 1 ' ,  J . A C M  28, 1 ?Jan.  1981 ) , 25-40. 
B e r n s t e i n ,  P.A., Goodman, N. " I n e q u a l i t y  Semi-Joinsn , 
Technica l  Repor t  CCA-79-28, Cambridge, 1979. 
B e r n s t e i n ,  P.A., Goodman, I?. "The Theory o f  Semi-Joins",  
Technica l  Report  CCA-79-27, Cambridge, 1 979. 
Blasgen ,  M . W . ,  Eswaran, K.P. " S t o r a g e  and Access i n  
R e l ~ . t i o n a l  Da tabasesw ,  IBM S y s t  . J. 16 ( 1 53771 7Kz-q77  
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 66 
BLAS76 B l a s g e n ,  M . W . ,  Eswaran, K. P. "On t h e  E v a l u a t i o n  o f  Q u e r i e s  
i n  a R e l a t i o n a l  Data Base Sys temn,  IBM R e s e a r c h  R e p o r t  
R J  1745,  A p r i l  1976. 
B r e i t b a r t ,  Y . ,  R e i t e r ,  A. "Algor i thms  f o r  F a s t  E v a l u a t i o n  
o f  Boolean E x p r e s s i o n s " ,  A c t a  I n f o r m a t i c a  4 ,  1975,  107-1 16.  
Buneman, P. "The Problem o f  M u l t i ~ l e  P a t h s  i n  a D a t a b a s e  
Schema", Proc .  5 t h  VLDB Conf . ,  ~ i o  d e  J a n e i r o ,  1979,  
368-372 
C a r l s o n ,  C . R . ,  Kaplan ,  R.S. "A G e n e r a l i z e d  Access  P a t h  
Model and i t s  A p p l i c a t i o n  t o  R e l a t i o n a l  Data Base Sys tem",  
Proc. ACM-SIGMOD Conf. ,  Washington D . C . ,  1976,  143-154. 
C h m b e r l i n ,  D . D . ,  A s t r a h a n ,  M.M. ,  L o r i e ,  R . A . ,  Mehl,  J . W . ,  
P r i c e ,  T . G . ,  S c h k o l n i c k ,  M . ,  S e l i n g e r ,  P.G., S l u t z ,  D . R . ,  
Wade, B.W., Y o s t ,  R.A. " S u p p o r t  f o r  R e p e t i t i v e  T r a n s a c t i o n s  
and ad-hoc Q u e r i e s  i n  System Rw ,, IBM R e s e a r c h  R e p o r t  
RJ2551, May 1979. 
Chandra ,  A. K. , M e r l i n ,  P.M. "Opt imal  I m p l e m e n t a t i o n  o f  
C o n j u n c t i v e  Q u e r i e s  i n  R e l a t i o n a l  Data Bases1 ' ,  P roc .  
9 t h  Annual ACM Symp. on  Tfieory o f  Computa t ion ,  B o u l d e r ,  
C o l . ,  1977. 
Chang, C.L. "On E v a l u a t i o n  o f  Q u e r i e s  C o n t a i n i n g  D e r i v e d  
R e l a t i o n s  i n  a R e l a t i o n a l  Data B a s e v ,  IBM R e s e a r c h  R e p o r t  
RJ2667, October  1979. 
C h i u ,  D .M. ,  B e r n s t e i n ,  P.A., Ho, Y . C .  " O p t i m i z i n g  Cha in  
Q u e r i e s  i n  a D i s t r i b u t e d  Da tabase  Sys tem",  T e c h n i c a l  
Repor t  TR-01-81 , Harvard U n i v e r s i t y ,  1981 . 
C h i u ,  D .M. ,  Ho, Y.C. " A  Methodology f o r  I n t e r p r e t i n g  T r e e  
Q u e r i e s  I n t o  Optimal  Semi-Join E x p r e s s i o n s " ,  P roc .  ACM- 
SIGMOD Conf . ,  S a n t a  Monica, 1980, 169-1 78. 
C h r i s t o d o u l a k i s ,  S. " E s t i m a t i n g  S e l e c t i v i t i e s  i n  Data 
Bases" ,  T e c h n i c a l  Repor t  CSRG-136, Univ. o f  T o r o n t o ,  1981 . 
C l a u s e n ,  S. E. "Opt imiz ing  t h e  E v a l u a t i o n  o f  C a l c u l u s  
E x p r e s s i o n s  i n  a R e l a t i o n a l  Da tabase  System1',  In fo rm.  
Sys tems 5, 1980, 41-54. 
CODD72 Codd, E, F. " R e l a t i o n a l  Comple teness  o f  Data Base 
Sublanguagesw , i n  Courant  Computer S c i e n c e  Symposia,  
No. 6 ,  Data Base Systems ( ~ e w  York C i t y ,  May 1971 ) ,  
P r e n t i c e  H a l l .  
DATA82 S p e c i a l  I s s u e  on Q u e r  O p t i m i z a t i o n ,  Da tabase  E n g i n e e r i n g  
5 ,  3 (Sep tember ,  19823. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 67  
D a y a l ,  U . ,  Goodman, N. " Q u e r y  O p t i m i z a t i o n  f o r  CODASYL 
Database  Sys tems" ,  P roc .  ACM-SIGMOD Conf . , Orlando ,  
1982,  138-150. 
Demolornbe, , R. " E s t i m a t i o n  o f  t h e  PJumber o f  T u p l e s  
S a t i s f y i n g  a Query  Expressed  i n  P r e d i c a t e  C a l c u l u s  
Languagew,  Proc .  6 t h  VLDB Conf . ,  M o n t r e a l ,  1980, 55-63. 
D e W i t t ,  D. J. "Query  E x e c u t i o n  i n  DIRECTt', P roc .  ACM- 
SIGMOD Conf. ,  Bos ton ,  1979, 13-22. 
E p s t e i n ,  R . ,  S t o n e b r a k e r ,  M . ,  Wong, E. ' I D i s t r i b u t e d  
Q u e r y  P r o c e s s i n g  i n  a R e l a t i o n a l  Data Base  Systemt ' ,  
ACM-SIGMOD Conf. ,  A u s t i n ,  Texas ,  May 1978. 
E p s t e i n ,  R.  " A n a l y s i s  o f  D i s t r i b u t e d  Data Base  P r o c e s s i n g  
S t r a t e g i e s f 1 ,  Memorandum No. UCB/ERL M80 f 2 5 ,  Univ . o f  
C a l i f o r n i a ,  B e r k e l e y ,  1980. 
F i n k e l s t e i n ,  S. "Common E x p r e s s i o n  A n a l y s i s  i n  D a t a b a s e  
A p p l i c a t i o n s " ,  P roc .  ACM-SIGMOD Conf . , O r l a n d o ,  1982,  
235-245 
G i l l e s ,  J.H., S c h u s t e r ,  S. A. "Query  E x e c u t i o n  and I n d e x  
S e l e c t i o n  f o r  R e l a t i o n a l  Data Bases f ' ,  Techn. R e p o r t ,  
CSRG-53, U n i v e r s i t y  o f  T o r o n t o ,  1975. 
Goodman, I?., Shmuel i ,  0. "The T r e e  P r o p e r t y  i s  
Fundamental  f o r  Q u e r y  P r o c e s s i n g " ,  P roc .  ACM Symp. on  
P r i n c i p l e s  o f  Da tabase  Sys temst ' ,  Los A n g e l e s ,  1982,  40-48. 
Goodman, N . ,  Shmuel i ,  0. I 'Nonreducible  Da tabase  S t a t e s  
f o r  C y c l i c  Q u e r i e s f ' ,  Techn. R e p o r t ,  TR-15-80, Harvard  
Univ . , J u l y  1980. 
G o t l i e b ,  L.R. "Computing J o i n s  o f  R e l a t i o n s " ,  P r o c .  
ACM-SIGMOD Conf . ,  San J o s e ,  1975. 
Gouda, M.G. ,  Dayal ,  U.D. "Opt imal  S e m i j o i n  S c h e d u l e s  f o r  
Q u e r y  P r o c e s s i n g  i n  L o c a l  D i s t r i b u t e d  Da tabase  Sys tems" ,  
i n  Proc .  ACM-SIGMOD Conf. ,  A p r i l  198'1, 164-175. 
GRIF78 G r i f f e t h ,  N. D. "Nonprocedura l  Q u e r y  P r o c e s s i n g  f o r  
D a t a b a s e s  With Access P a t h " ,  ACM-SIGMOD Conf . ,  A u s t i n ,  
Texas ,  May 19T8. 
GRIS78 Grishman, R. "The S i m p l i f i c a t i o n  o f  R e t r i e v a l  R e q u e s t s  
Genera ted  by  Quest ion-Answer ing Sys tems" ,  P roc .  4 t h  VLDB 
Conf., West B e r l i n ,  1978,  400-406. 
GUDE73 Gudes, E. , R e i t e r ,  A. "On E v a l u a t i n  Boolean  E x p r e s s i o n s " ,  
S o f t w a r e - P r a c t i c e  and E x p e r i e n c e  3 f 1 9 7 3 ) ,  345-350. 
HALL76 H a l l ,  P.A.V. " O p t i m i z a t i o n  o f  S i n g l e  E x p r e s s i o n s  i n  a 
R e l a t i o n a l  Data  Base S y s t e m w ,  IBM J .Res .  Develop.  2 0 ( 3 ) ,  
1976, 244-257 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 6 8  
HALL74a H a l l ,  P.A.V. "Common Subexpress ion I d e n t i f i c a t i o n  i n  
Genera l  Algebra ic  Systemsl1, Techn. Rep. UKSC 0060, 
IBM UKSC, P e t e r l e e ,  1974. 
HALL74b H a l l ,  P .A.V. ,  Todd, S. J. P. " F a c t o r i z a t i o n  o f  A lgeb ra i c  
Express ions" ,  Techn. Rep. UXSC 0055, IBM UKSC, P e t e r l e e ,  
19749 
HAMM80 Hammer, M . ,  Zdonik, S. "Knowledge-Based Query  P r o c e s s i n g " ,  
Proc .  6 t h  VLDB Conf., Montreal  1980, 137-1 47 
HANA77 Hanani,  M.Z. "An Optimal E v a l u a t i o n  of  Boolean E x p r e s s i o n s  
i n  a n  On-Line Query  Systemtt ,  CACM 20, 5  ( 1 9 7 7 ) ,  344-347. 
HARD79 Hardgrave,  W.  T. "Ambiguity i n  P roces s ing  Boolean Q u e r i e s  
on TDMS Tree S t r u c t u r e s :  A Study o f  Four D i f f e r e n t  
Ph i lo soph ie s l t ,  Proc.  5 t h  VLDB Conf., Rio  d e  J a n e i r o ,  1979, 
373-3 97 
HEW79 Hevner,  A . R . ,  Yao, S.B. "Query P r o c e s s i n g  on a 
D i s t r i b u t e d  Database t t ,  IEEE Trans .  Softw. Eng. SE-5, 
3 (May 19791, 177-187. 
JARK82a J a r k e ,  M . ,  Schmidt ,  J . W .  "Query P r o c e s s i n g  S t r a t e g i e s  i n  
t h e  PASCAL/R R e l a t i o n a l  Database Management System1', 
Proc.  ACM-SIGMOD Conf.,  Orlando,  1982, 256-264. 
JARK8l J a r k e ,  M . ,  Schmidt ,  J . W .  "Eva lua t ion  o f  F i r s t - O r d e r  
R e l a t i o n a l  Expre s s ions" ,  Technica l  Repor t  No. 78,  
U n i v e r s i t a e t  Hamburg, Fachbe re i ch  I n f o r m a t i k ,  June  1 981 . 
KAMB82 Kambayashi, Y . ,  Yoshikawa, M . ,  Y a j  i m a ,  S. "Query  
P roces s ing  f o r  D i s t r i b u t e d  Databases  Using G e n e r a l i z e d  
Semi-Joins1', Proc .  ACM-SIGMOD Conf. ,  Orlando,  1982, 
151 -1 60. 
KERS80a Kershberg,  L., Ting,  P.D., Yao, S.B. "Opt imal  D i s t r i b u t e d  
Query Process ingf1 ,  Techn ica l  Repor t ,  B e l l  Labs Holmdel, 
1 980. 
KERS80b Kershberg,  L.,  Ting,  P.D., Yao, S.B. "Query  O p t i m i z a t i o n  
i n  S t a r  Computer Networkst1, Techn. R e p o r t ,  B e l l  Labs 
Holmdel, March 1980. 
K I N G 8 1  King,  J.J. "QUIST: A System f o r  Semantic Query  Op t imiza t ion  
i n  R e l a t i o n a l  Data B a s e s H ,  Proc.  7 t h  VLDB Conf . ,  Cannes,  
1981, 510-517. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 69 
KIM82 K i m ,  W. "On Opt imiz ing  a n  SQL-like Nes ted  Q u e r y " ,  ACM 
T r a n s .  Da tabase  S y s t .  7, 3 (September  1 9 8 2 ) ,  443-469. 
KIM81 a K i m ,  W .  "A  Bit-Serial/Tuple-Parallel R e l a t i o n a l  Q u e r y  
P r o c e s s o r " ,  IBM R e s e a r c h  Repor t  RJ3194, J u l y  1981 . 
K I M 8 1  b  K i m ,  W .  "Query  O p t i m i z a t i o n  f o r  R e l a t i o n a l  Database 
Systems" ,  IBM R e s e a r c h  Repor t  RJ3081 , March 1981 . 
KIM80 K i m ,  W .  "A  New Way t o  Compute t h e  P r o d u c t  and J o i n  
o f  R e l a t i o n s v ,  P roc .  ACM-SIGMOD Conf . ,  S a n t a  Monica, 
1 980. 
KLUG82a Klug,  A. " E q u i v a l e n c e  o f  R e l a t i o n a l  A l g e b r a  and 
R e l a t i o n a l  C a l c u l u s  Q u e r y  Languages Having Aggrega te  
F u n c t i o n s " ,  J* ACM 29,  3 ( J u l y  1 9 8 2 ) ,  699-71 7. 
KLUG82b Klug,  A. "Access  P a t h s  i n  t h e  *ABEf S t a t i s t i c a l  Q u e r y  
F a c i l i t y " ,  P roc .  ACM-SIGMOD Conf . ,  O r l a n d o ,  1982,  
161-173. 
LEIL78 L e i l i c h ,  H.-O., S t i e g e ,  G . ,  Z e i d l e r ,  H. Ch. " A  S e a r c h  
P r o c e s s o r  f o r  Data Base Management S y s t e m s w ,  Proc .  4 t h  
VLDB Conf., West B e r l i n ,  1978,  280-287. 
LIU76 L i u ,  J . W .  "Algor i thms  f o r  p a r s i n g  S e a r c h  Q u e r i e s  i n  Sys tems 
w i t h  I n v e r t e d  F i l e  O r  a n i z a t i o n s " ,  ACM T r a n s .  Da tabase  
S y s t .  1 ,  4  (Dec.  1976 7 . 
LO2180 L o z i n s k i  , E* L. " C o n s t r u c t i o n  o f  R e l a t i o n s  i n  R e l a t i o n a l  
D a t a b a s e s w ,  ACM T r a n s .  Da tabase  S y s t .  5, 2 ( J u n e  1 9 8 0 ) ,  
208-224. 
MAKI81 Makinouchi ,  A . ,  Tezuka,  M . ,  K i t akami ,  H I ,  Adach i ,  S. 
"The O p t i m i z a t i o n  S t r a t e g y  f o r  Q u e r y  E v a l u a t i o n  i n  RDB/VItq, 
Proc.  7 t h  VLDB Conf . ,  Cannes ,  1981,  518-531. 
MAIE81 Maie r ,  D. , Warren,  D. S. " I n c o r p o r a t i n g  Computed R e l a t i o n s  
i n  R e l a t i o n a l  Databases", Proc .  ACM-SIGMOD Conf . ,  
Ann Arbor,  1981 . 
MERR8la M e r r e t t ,  T.H. "Why Sort-Merge Gives  t h e  B e s t  I m p l e m e n t a t i o n  
of t h e  Natural J o i n w ,  Techn. R e p o r t  SOCS-81-37, McGi l l  
U n i v e r s i t y ,  M o n t r e a l ,  1981 . 
MERR8l b  M e r r e t t ,  T. H -  , Kambayashi,  Y . ,  Yasuura ,  H. " S c h e d u l i n g  of  
Page-Fetches i n  J o i n  O p e r a t i o n s w ,  Proc .  7 t h  VLDB Conf . ,  
Cannes, 1981 , 488-498. 
MERR8l c  M e r r e t t ,  T.H. " P r a c t i c a l  Hardware t o  L i n e a r  E x e c u t i o n  
of R e l a t i o n a l  Da tabase  Opera t  i o n s " ,  Techn . R e p o r t  
SOCS-81-30, McGil l  U n i v e r s i t y ,  M o n t r e a l ,  S e p t  . 1981 . 
NISB76a Niebuhr ,  K.E., Smi th ,  S.E. "N-ary J o i n  f o r  P r o c e s s i n g  
Query  by Example", IBM T e c h n i c a l  D i s c l o s u r e  E u l l e t i n ,  
Vol. 19 ,  No. 5 ,  November 1976 ,  2377-2381. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 70 
Niebuhr ,  K.E., Scholz ,  K.W.,  Smith ,  S.E. "Algori thm f o r  
P r o c e s s i n g  Query  by Examplew, IBM Techn ica l  D i s c l o s u r e  
B u l l e t i n ,  Vol. 19, No- 2, J u l y  1976, 736-741. 
Palermo, F. P. "A Data Base Search  Problem", Proc 4 t h  
Comp. and Inform. Sc . Symp., Miami Beach, 1972, 67-1 01 . 
Papakons t an t inou ,  P. "Optimal E v a l u a t i o n  of Q u e r i e s w ,  
The Computer J o u r n a l  25,  ( 1  982 ) ,  ~ 237-241. 
P e c h e r e r ,  R.M. " E f f i c i e n t  E x p l o r a t i o n  o f  Product  Spaces" ,  
Proc .  ACM-SIGMOD Conf.,  Washington D. C . ,  1976, 169-1 77. 
Putkonen,  A. "On t h e  S e l e c t i o n  o f  t h e  Access Path  i n  
I n v e r t e d  Database Organ iza t i ons" ,  Inform. Systems 4 ,  1 979, 
21 9-225. 
R i c h a r d ,  P. "Eva lua t ion  o f  t h e  S i z e  o f  a Query  Expressed 
i n  R e l a t i o n a l  Algebrat1,  Proc.  ACM-SIGMOD Conf . , Ann Arbor ,  
Michigan,  May 1981 , 1 55-1 63. 
Rosenkran tz ,  D. J . ,  Hunt, M.B. l l P r o c e s s i n g  Con junc t ive  
P r e d i c a t e s  and Q u e r i e s " ,  Proc.  6 t h  VLDB, Mont rea l ,  
1980, 64-74. 
R o s e n t h a l ,  A . ,  R e i n e r ,  D. "An A r c h i t e c t u r e  f o r  Query  
Op t imiza t ion" ,  Proc. ACM-SIGMOD Conf. ,  Or lando ,  1982, 
246-255. 
ROTH75 R o t h n i e ,  J.B. "Eva lua t ing  I n t e r - E n t r y  R e t r i e v a l  
Expre s s ions  i n  a R e l a t i o n a l  Data Base Management System",  
Proc.  N a t i o n a l  Computer Conf., 1975, 41 7-423. 
ROTH74 Ro thn ie ,  J . B .  "An Approach t o  Implementing a R e l a t i o n a l  
Data Management System", Proc.  ACM-SIGMOD Conf. ,  1974, 
277-294 
ROUS82 Roussopoulos ,  N. "View Indexing  i n  R e l a t i o n a l  Databases1 ' ,  
ACM Trans .  Database S y s t .  7, 2  ( J u n e  1 9 8 2 ) .  
SAGA77 Saga lowicz ,  D. " I D A :  An I n t e l l i g e n t  Data Access Program1', 
Proc.  3 t h  VZDB Conf.,  Tokyo, 1977, 293-302. 
SAG180 Sag iv ,  Y. , Yannakakis,  M. l lEqu iva l ences  among R e l a t i o n a l  
Expre s s ions  w i t h  t h e  Union and D i f f e r e n c e  O p e r a t o r s " ,  
J A C M  27 ( 1 9 8 0 ) ,  633-655. 
SAG181 Sag iv ,  Y. "Op t imiza t ion  of  Q u e r i e s  i n  R e l a t i o n a l  
Databases" ,  Computer Sc ience :  D i s t r i b u t e d  Database  Sys tems ,  
ETo 1 2,  UMI Research  P r e s s ,  Ann Arbor ,  Michigan,  1981 . 
SALT78 S a l t o n ,  G. "Genera t ion  and Sea rch  o f  C l u s t e r e d  F i l e s " ,  
ACM Trans .  Database S y s t .  3, ( 1 9 7 8 ) ,  321-346. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 71 
WELC 76 
Schenk,  K.L., P i n k e r t ,  J . R .  "An Algori thm f o r  S e r v i c i n g  
Mul t i -Re la t i ona l  Q u e r i e s " ,  Proc.  ACM-SIGMOD Conf.,  To ron to ,  
1977,  10-19. 
Schmid t ,  J . W .  " P a r a l l e l  P roces s ing  of  R e l a t i o n s :  A S i n g l e -  
Assignment Approach", Proc.  5 t h  VLDB, Rio d e  J a n e i r o ,  1979,  
398-408. 
S e l i n g e r ,  P., As t rahan ,  M . M . ,  Chamberl in,  D.D. ,  L o r i e ,  
P.A., P r i c e ,  T.G.  "Access Pa th  S e l e c t i o n  i n  a R e l a t i o n a l  
Database  Management System", Pr oc  . ACM-SIGMOD Conf . , 
Boston,  1979. 
Severance ,  D . G . ,  Carlis, J . V .  " A  P r a c t i c a l  Approach t o  
S e l e c t i n g  Record Access Pa ths" ,  Computing Surveys  9 ,  
( 1 9771, 259-272 
Shmuel i ,  0. "The Fundamental Role o f  Tree  Schemas i n  
R e l a t i o n a l  Query P roces s ing" ,  PhD t h e s i s ,  Harvard Univ . ,  
Aug. 1981 . 
Smi th ,  J . M . ,  Chang, P.Y.T. "Opt imiz ing  t h e  Performance of  
a R e l a t i o n a l  Algebra Database I n t e r f a c e " ,  Comm. ACM 18, 
10 ( O c t .  1975) ,  568-579. 
S t r o e t ,  J . W . M . ,  Engmann, R.  "Manipu la t ion  o f  E x p r e s s i o n s  
i n  a R e l a t i o n a l  Algebraw,  Inform. Systems 4 ,  1979, 195-203. 
Todd, S. "Implementing t h e  J o i n  Ope ra to r  i n  R e l a t i o n a l  
Data Bases" ,  IBM S c i e n t i f i c  Cen te r  Techn ica l  Note 15,  
IBM UK S c i e n t i f i c  Cen te r ,  P e t e r l e e ,  England,  Nov. 1974. 
Walker,  A. "On R e t r i e v a l  from a Smal l  Ve r s ion  of  a La rge  
Database t t ,  Proc. 6 t h  VLDB Conf. ,  Mon t r ea l ,  1980, 47-54. 
Warren, D.H.D. " E f f i c i e n t  P r o c e s s i n g  o f  I n t e r a c t i v e  
R e l a t i o n a l  Data Base Q u e r i e s  Expressed i n  L o g i c w ,  
Proc.  7 t h  VLDB Conf . , Cannes, 1981 , 272-283. 
Welch, J . W . ,  Graham, J . W .  " R e t r i e v a l  Using Ordered L i s t s  
i n  I n v e r t e d  and M u l t i l i s t  F i l e s " ,  Proc .  ACM-SIGNOD Conf . , 
Washington D.  C . ,  1976, 21 -30. 
Wong, E., Y o u s s e f i ,  K. "Decomposit ion - A S t r a t e g y  f o r  
Query P roces s lngw , ACM Trans .  Database  S y s t  . 1 ,  3 
( S e p t  . 1 9 7 6 ) ,  223-241 . 
Wong, E.,  Yousse f i ,  K. "Query  P r o c e s s i n g  i n  a R e l a t i o n a l  
Database Management System", Proc .  5 t h  VLDB Conf. ,  Rio  d e  
J a n e i r o ,  1979, 409-417. 
Yao, S.B. "Opt imiza t ion  o f  Query  E v a l u a t i o n  Algor i thms" ,  
ACM Trans .  Dstabase  S y s t .  4 ,  2  ( J u n e  1 9 7 9 ) ,  133-1 55. 
Yao, S.B., DeJong, D. " E v a l u a t i o n  o f  Database  Access 
. . P a t h s t f ,  Proc.  ACM-SIGMOD Conf. ,  A u s t i n ,  1 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 72  
Other  Re fe rences  Appearing i n  t h e  A r t i c l e  
- -- 
BAYE72 Baye r ,  R . ,  McCreight,  E. "Organ iza t i on  and Maintenance 
o f  Large Ordered Indexes" ,  Ac ta  I n f o r m a t i c a  1 ( 1 9 7 2 ) ,  
173-1 89. 
BENT79 B e n t l e y ,  J .L. ,  Friedman, J . H .  "Data S t r u c t u r e s  f o r  Range 
Sea rch ingTf ,  Computing Surveys  1 1  (1  9 7 9 ) ,  397-41 2. 
BERN81 e B e r n s t e i n ,  P.A., Goodman, N. "Concurrency C o n t r o l  i n  
D i s t r i b u t e d  Database Systems",  Computing Surveys  13, 
2 ( 1 9 8 1 ) .  
CARL81 Carlis,  J . V . ,  March, S.T., Dickson,  G.W. " P h y s i c a l  
Database  Design: A DSS Approach", Proc .  2nd I n f o r m a t i o n  
Systems Conf.,  Boston,  1981 , 153-1 72. 
CHAM76 Chamberl in,  D.D. " R e l a t i o n a l  Data-Base Management 
Systems1',  Computing Surveys 8, 1 (March 1976) .  
GRIE71 G r i e s  , D. "Compiler C o n s t r u c t i o n  f o r  D i g i t a l  Computers", 
New York - London, J. Wiley & Sons,  1971 . 
EAMM79 Hammer, M . ,  N i a m i r ,  B. " A  H e u r i s t i c  Approach t o  A t t r i b u t e  
P a r t i t i o n i n g v ,  Proc.  ACM-SIGMOD Conf . ,  
Boston,  1979, 93-101. 
IBM66 IBM Corp. " I n t r o d u c t i o n  t o  IBM Direct -Access  S t o r a g e  
Devices  and Organ iza t i on  Methodsw, GC 20-1 649-06, 1 966. 
JARK82b J a r k e ,  M . ,  V a s s i l i o u ,  Y. "Choosing a Database  Query  
Language", submi t t ed  f o r  p u b l i c a t i o n ,  1982. 
KIM79 K i m ,  W .  " R e l a t i o n a l  Database  Systems",  Computing Surveys  
1 1 ,  ( 1 9 7 9 ) ,  185-212. 
LANG78 Langdon, J.J. "A Note on A s s o c i a t i v e  P r o c e s s o r s  f o r  Data 
Management", ACM Trans .  Database  Systems 3 ( 1 9 7 8 ) ,  148-1 58. 
MALL82 Mall, M . ,  Reimer, M . ,  Schmidt ,  J . W .  "Data S e l e c t i o n ,  
Sha r ing  and Access C o n t r o l  i n  a R e l a t i o n a l  S c e n a r i o " ,  
i n  " P e r s p e c t i v e s  on Conceptual  Model l ing" ,  
S p r i n g e r  Ver lag ,  1 982. 
MARY80 Maryanski , F. 3.  ?IBackend Database  Systems",  Computing 
Surveys 12, ( 1 9 8 0 ) ,  3-26. 
MERR77 M e r r e t t ,  T.M. "Database Cost  Ana lys i s :  A Top-Down 
Approach", Proc.  ACM-SIGMOD Conf . ,  
Toronto ,  1977, 135-143. 
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-73 
Page 7 3  
PIR079 P i r o t t e ,  A. "Fundamental and Secondary Issues i n  t h e  
Design of  Non-Procedural R e l a t i o n a l  Languages", Proc .  
VLDB Conf., Rio de  J a n e i r o ,  October 1979,  239-250. 
SOCK79 Socku t ,  G.H., Goldberg,  R. P. "Database  R e o r g a n i z a t i o n  - 
P r i n c i p l e s  and P r a c t i c e " ,  Computing Surveys  1 1 ,  ( 1 9 7 9 ) ,  
371 -3 96 
SCHM77 Schmidt ,  J . W .  *'Some High Leve l  Language C o n s t r u c t s  f o r  
Data o f  Type R e l a t i o n " ,  ACM Trans .  Database  S y s t .  2,  
3 ( S e p t .  1977) .  
SMIT79 Smi th ,  D . ,  Smith,  J. " R e l a t i o n a l  Database  Machines",  
IEEE Computer, 12,  3 (March 1979) ,  28-38. 
TAYL76 T a y l o r ,  R. W . ,  F rank ,  R. L. 'ICODASYL Data-Base Management 
Systemsf1,  Computing Surveys  8, 1 (March 1976) .  
TEOR80 Teorey,  T. J . ,  F ry ,  J. P. '!The Log ica l  Record Access Approach 
t o  Database Design",  Computing Surveys  12,  ( 1 9 8 0 ) ,  179-21 2.  
TSIC76 T s i c h r i t z i s ,  D . C . ,  Lochovsky, F.H. " H i e r a r c h i c a l  Data-Base 
Management Systemsw,  Computing Surveys  8, 1 (March 1976) .  
VASS82 V a s s i l i o u ,  Y . ,  J a r k e ,  M .  "Query Languages - A Taxonomy", 
NYU Symposium on User I n t e r f a c e s ,  New York, 1982, Ablex 
Publ .  Corp. ( t o  a p p e a r )  . 
VERH78 Verho f s t ad ,  J.S.M. "Recovery Techniques f o r  Database  
 system^'^, Computing Surveys  10, ( 1 9 7 8 ) ,  167-1 97. 
Center for Digital Economy Research 
Stem School of Business 
\Vorking Paper IS-82-73 
